Google 


This  is  a  digital  copy  of  a  book  that  was  preserved  for  generations  on  library  shelves  before  it  was  carefully  scanned  by  Google  as  part  of  a  project 

to  make  the  world's  books  discoverable  online. 

It  has  survived  long  enough  for  the  copyright  to  expire  and  the  book  to  enter  the  public  domain.  A  public  domain  book  is  one  that  was  never  subject 

to  copyright  or  whose  legal  copyright  term  has  expired.  Whether  a  book  is  in  the  public  domain  may  vary  country  to  country.  Public  domain  books 

are  our  gateways  to  the  past,  representing  a  wealth  of  history,  culture  and  knowledge  that's  often  difficult  to  discover. 

Marks,  notations  and  other  maiginalia  present  in  the  original  volume  will  appear  in  this  file  -  a  reminder  of  this  book's  long  journey  from  the 

publisher  to  a  library  and  finally  to  you. 

Usage  guidelines 

Google  is  proud  to  partner  with  libraries  to  digitize  public  domain  materials  and  make  them  widely  accessible.  Public  domain  books  belong  to  the 
public  and  we  are  merely  their  custodians.  Nevertheless,  this  work  is  expensive,  so  in  order  to  keep  providing  tliis  resource,  we  liave  taken  steps  to 
prevent  abuse  by  commercial  parties,  including  placing  technical  restrictions  on  automated  querying. 
We  also  ask  that  you: 

+  Make  non-commercial  use  of  the  files  We  designed  Google  Book  Search  for  use  by  individuals,  and  we  request  that  you  use  these  files  for 
personal,  non-commercial  purposes. 

+  Refrain  fivm  automated  querying  Do  not  send  automated  queries  of  any  sort  to  Google's  system:  If  you  are  conducting  research  on  machine 
translation,  optical  character  recognition  or  other  areas  where  access  to  a  large  amount  of  text  is  helpful,  please  contact  us.  We  encourage  the 
use  of  public  domain  materials  for  these  purposes  and  may  be  able  to  help. 

+  Maintain  attributionTht  GoogXt  "watermark"  you  see  on  each  file  is  essential  for  in  forming  people  about  this  project  and  helping  them  find 
additional  materials  through  Google  Book  Search.  Please  do  not  remove  it. 

+  Keep  it  legal  Whatever  your  use,  remember  that  you  are  responsible  for  ensuring  that  what  you  are  doing  is  legal.  Do  not  assume  that  just 
because  we  believe  a  book  is  in  the  public  domain  for  users  in  the  United  States,  that  the  work  is  also  in  the  public  domain  for  users  in  other 
countries.  Whether  a  book  is  still  in  copyright  varies  from  country  to  country,  and  we  can't  offer  guidance  on  whether  any  specific  use  of 
any  specific  book  is  allowed.  Please  do  not  assume  that  a  book's  appearance  in  Google  Book  Search  means  it  can  be  used  in  any  manner 
anywhere  in  the  world.  Copyright  infringement  liabili^  can  be  quite  severe. 

About  Google  Book  Search 

Google's  mission  is  to  organize  the  world's  information  and  to  make  it  universally  accessible  and  useful.   Google  Book  Search  helps  readers 
discover  the  world's  books  while  helping  authors  and  publishers  reach  new  audiences.  You  can  search  through  the  full  text  of  this  book  on  the  web 

at|http: //books  .google  .com/I 


Xibrar^ 

of  tbe 
Tllntvereit!?  of  Midconeln 


WORKS  OF 
PROFESSOR  MILO   S.  KETCHUM 

PUBUSHED  BT  THE 

McGRAW-HILL  BOOK  COMPANY 


THE  DESIGN  OF  STEEL  BULL  BUILDINGS  and  the  Cal- 
cuUtioii  of  Stresses  in  Framed  Structures,  Fourth  Edi- 
tion 

Flexible,  6^9  ins.,  pp.  650+xvi,  60  tables,  410  illustra- 
tions in  the  text  and  four  folding  plates.  Price  I6.00  net, 
postpaid. 

THE  DESIGN  OF  WALLS,  BINS  AND  GRAIN  ELEVA- 
TORS, Third  Edition 

Cloth,  6 Hx9  ins.,  pp.  5564-xiv,  40  tables,  304  illustrations 
in  the  text  and  two  folding  plates.    Price  I5.00  net,  postpaid. 

THE  DESIGN  OF  HIGHWAY  BRIDGES  OF  STEEL,  TIM- 
BER AND  CONCRETE,  Second  Edition. 

Flexible,  6^x9  ins.,  pp.  550+xvi,  104  tables,  340  illustra- 
tions in  the  text  and  seven  folding  plates.  Price  ^.00  net, 
postpaid. 

THE  DESIGN  OF  MINE  STRUCTURES 

Cloth,  6^x9  ins.,  pp.  460+xvi,  65  tables,  265  illustrations 
in  the  text  and  seven  folding  plates.    Price  I5.00  net,  postpaid. 

STRUCTURAL  ENGINEERS'  HANDBOOK,  Second  Edition 

Flexible,  6)^x9  ins.  pp.  9SoH-xvi,  260  tables,  400  illustra- 
tions in  the  text.     Price  $6.00  net,  postpaid. 

SURVEYING  MANUAL.  A  Manual  of  Field  and  Office 
Methods  for  the  Use  of  Students  in  Surreying 

By  Professors  William  D.  Pence  and  Milo  S.  Ketchum. 
Flexible,  4Hx7  ins.,  pp.  388 -{-xii,  10  plates  and  140  illustra- 
tions, and  130  pages  of  tables.     Price  I2.50  net,  postpaid. 

OFFICE-COPY  BOOKLET 

For  use  with  Pence  and  Ketchum's  "Surveying  Manual." 
Tag  board,  A^ixy  ins.,  pp.  32,  ruled  in  columns  and  rectangles. 

Price  I1.50  per  dozen,  or  75  cents  per  lialf  dozen 


THE  DESIGN  OF 

STEEL  MILL  BUILDINGS 


AND 


THE  CALCULATION  OF 
STRESSES  IN  FRAMED  STRUCTURES 


BY 

MILO  S.  KETCHUM,  C.E. 

M.Am.SocC.E. 

Director  of  the  Department  of  GivU  Erigineenng  and  Profenor  of  Civil  Engineering^  Unwertity  of 

Pennsylvania;  Sometime  Dean  of  the  CoUege  of  Engineering  and  Professor  of  CfivU 

Engineering^  Univenity  of  Colorado;  Consulting  Engineer 


FOURTH  EDITION,  REWRITTEN 
FIRST  THOUSAND 

TOTAL  ISSUE,  SIXTEEN  THOUSAND 


McGRAW-HILL  BOOK  COMPANY,  Inc. 

New  York  :  370  Seventh  Avenue 
London  :  6  and  8  Bouvebib  Street,  EL  C. 

1921 


Copyright  1903, 1906,  1912, 1921 

BY 

MILO  &  KETCHUM 


PRESS  OF 

THE  NEW  ERA  PRINTINO  COMPANY 

LANPA9TCR.  PA, 


252097 

JAN  17  1922 


.v;^'^ 


PREFACE  TO  FOURTH  EDITION. 


This  book  covers  the  calculation  of  the  stresses  in  framed  structures,  and  also  the 
design  of  buildings  having  a  self-supporting  steel  frame  with  a  light  covering,  usually 
fireproof.  In  this  edition  the  book  has  been  rewritten  and  enlarged,  the  type  has  been 
reset  and  the  plates  have  been  recast.  The  type  page  is  the  same  size  as  that  used  in 
the  author's  ''Structural  Engineers'  Handbook."  The  scope  of  the  book  has  been 
enlarged  by  the  addition  of  a  concise  discussion  of  the  calculation  of  the  stresses  in 
statically  indeterminate  trusses  and  frames,  several  problems  in  framed  structures  and 
detailed  designs  of  a  crane  girder,  a  roof  truss,  and  a  steel  frame  mill  building.  The 
book  is  written  to  serve  as  a  text  book  in  structural  engineering  and  also  as  a  book  of 
reference  for  engineers. 

The  book  is  divided  into  three  parts  and  in  addition  has  one  appendix. 

Part  I  covers  the  calculation  of  the  stresses  in  simple  beams,  trusses,  portals,  the 
transverse  bent,  and  the  three-hinged  arch.  The  stresses  in  pins  and  the  stresses  due 
to  combined  direct  stress  and  compression  and  tension,  and  due  to  eccentric  loading 
are  briefly  discussed.  This  part  contains  40  problems  which  cover  the  calculation  of 
the  stresses  in  practically  all  types  of  simple  trusses,  bents  and  portals.  Part  I  covers 
the  ground  required  for  a  preliminary  course  in  stresses  in  framed  structures. 

Part  II  covers  the  calculation  of  the  deflections  of  structures,  the  calculation  of 
the  stresses  in  statically  indeterminate  girders,  trusses  and  frames,  and  secondary 
stresses  in  trusses.  The  stresses  in  stiff  frames,  the  two-hinged  arch,  and  the  steel 
head  frame  are  calculated  and  explained  in  detail.  This  part  contains  the  detail  solu- 
tions of  nine  problems  and  the  statements  of  six  additional  problems.  The  discussion 
of  statically  indeterminate  structures  in  this  section  covers  most  problems  in>  building 
construction  and  is  preliminary  to  a  study  of  movable  bridges,  arch,  cantilever  and 
suspension  bridges. 

Part  III  covers  the  design  and  construction  of  steel  frame  buildings  for  mines, 
mills,  smelters  and  other  industrial  plants.  The  detailed  design  of  a  crane  girder,  a 
roof  truss  and  a  steel  building  are  given.  The  design  and  construction  of  floors,  roof 
coverings,  foundations,  corrugated  steel,  windows,  doors,  wall  covering  and  other  details 
of  steel  frame  buildings  are  fully  discussed. 

A  complete  specification  for  steel  frame  mill  buildings  is  given  in  Appendix  I. 

While  this  book  is  a  companion  volume  to  the  author's  ''Structural  Engineers' 
Handbook,"  the  two  books  are  independent. 

As  far  as  practicable,  credit  has  been  given  in  the  body  of  the  book  for  drawings 
and  data.  Credit  is  due  Professor  R.  S.  Wallis,  Iowa  State  College,  for  assistance  in 
making  drawings,  to  Professor  W.  C.  Huntington,  University  of  Colorado,  for  assistance 
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in  preparing  material  for  Chapters  XVII  and  XXII,  and  in  making  drawings,  and  to 

C.  L.  Eckel,  Assistant  Professor  of  Civil  Engineering,  University  of  Pennsylvania,  for 

assistance  in  making  calculations,  making  drawings,  and  reading  proof. 

The  author  wishes  to  acknowledge  the  appreciation  with  which  the  previous  editions 

have  been  received  by  engineers  and  instructors. 

University  op  Pennsylvania, 
Philadelphia,  Pa., 
November  1;  1921. 

M.  S.  K. 


PREFACE  TO  FIRST  EDITION. 


This  book  is  intended  to  provide  a  short  course  in  the  calculation  of  stresses  in 
framed  structures  and  to  give  a  brief  discussion  of  mill  building  construction.  The 
book  is  intended  to  supplement  the  elementary  books  on  stresses  on  the  one  hand,  and 
the  more  elaborate  treatises  on  bridge  design  on  the  other.  While  the  book  is  concerned 
chiefly  with  mill  buildings  it  is  nevertheless  true  that  much  of  the  matter  will  apply 
equally  well  to  all  classes  of  steel  frame  construction. 

In  the  course  in  stresses  an  attempt  has  been  made  to  give  a  concise,  logical  and 
systematic  treatment.  Both  the  algebraic  and  graphic  methods  of  calculating  stresses 
are  fully  described  and  illustrated.  Each  step  in  the  solution  is  fully  explained  and 
analyzed  so  that  the  student  will  get  a  definite  idea  of  the  underlying  principles. 

Attention  is  called  to  the  graphic  solutions  of  the  transverse  bent,  the  portal  and 
the  two-hinged  arch,  which  are  believed  to  be  new,  and  have  proved  their  worth  by 
actual  test  in  the  class  room.  The  diagram  for  finding  the  stress  in  eye-bars  due  to 
their  own  weight  is  new,  and  its  use  will  save  considerable  time  in  designing  bridges. 

In  the  discussion  of  mill  building  construction  the  aim  has  been  to  describe  the 
methods  of  construction  and  the  material  used,  together  with  a  brief  treatment  of  mill 
building  design,  and  the  making  of  estimates  of  weight  and  cost.  The  underlying  idea 
has  been  to  give  methods,  data  and  details  not  ordinarily  available,  and  to  discuss  the 
matter  presented  in  a  way  to  assist  the  engineer  in  making  his  designs  and  the  detailer 
in  developing  the  designs  in  the  drafting  room.  Every  engineer  should  be  familiar  and 
be  provided  with  one  or  more  of  the  standard  handbooks,  and  therefore  only  such 
tables  as  are  not  ordinarily  available  are  given. 

The  present  book  is  a  result  of  two  years  experience  as  designing  engineer  and 
contracting  agent  for  the  Gillette-Herzog  Mfg.  Co.,  Minneapolis,  Minn.,  and  four 
years  experience  in  teaching  the  subject  at  the  University  of  Illinois.  This  book  repre- 
sents the  course  given  by  the  author  in  elementary  stresses  and  in  the  design  of  metal 
structures,  preliminary  to  a  course  in  bridge  design.  While  written  primarily  for  the 
author's  students  it  is  hoped  that  the  book  will  be  of  interest  to  others,  especially  to 
the  younger  engineers. 

The  author  will  consider  it  a  favor  to  have  errors  brought  to  his  notice. 

University  op  Illinois, 
Champaign,    III., 
August  17,  1903. 

M.  S.  K. 
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THE  DESIGN  OF  STEEL  MILL  BUILDINGS. 


INTRODUCTION. 

This  book  covers  primarily  the  design  and  construction  of  buildings  made  by  cover- 
ing a  self-supporting  steel  frame  with  a  light  covering,  usually  fireproof.  The  design 
of  steel  structures  of  this  type  requires  the  solution  of  many  problems  not  usually 
met  in  the  design  of  bridges,  as  well  as  the  design  of  girders  and  trusses  for  moving  loads. 

This  book  is  used  by  the  author  as  a  text  in  three  courses  given  to  civil  engineering 
students  as  follows: 

(1)  Part  I  is  used  as  a  text  in  the  calculation  of  stresses  in  framed  structures  in  the 
junior  year;  (2)  Part  II  is  used  as  a  text  in  the  calculation  of  stresses  in  statically 
indeterminate  structures  in  the  senior  year,  while  (3)  Part  III  is  used  as  a  text  in  the 
design  of  steel  frame  buildings  in  the  senior  year.  To  make  the  courses  in  stresses 
complete,  it  has  been  necessary  to  consider  the  calculation  of  the  stresses  in  simple 
bridge  trusses  due  to  equal  joint  loads  and  due  to  concentrated  loads  as  well  as  a  full 
discussion  of  influence  diagrams.  The  scope  of  each  section  of  the  book  will  be  briefly 
discussed. 

The  discussion  in  Part  I  covers  the  calculation  of  the  stresses  in  simple  beams, 
trusses,  portals,  the  transverse  bent  and  the  three-hinged  arch.  The  stresses  in  pins, 
the  stresses  due  to  combined  compression  and  tension,  and  due  to  eccentric  loading 
are  also  briefly  discussed.  The  forty  problems  in  Chapter  XIII  cover  the  calculation 
of  the  stresses  in  practically  all  types  of  simple  trusses,  bents  and  portals.  In  each 
case  a  problem  is  stated  and  fully  solved,  and  the  details  of  the  solution  are  discussed. 
A  second  problem,  similar  t6  the  first  problem,  is  given  without  a  solution.  The  student 
is  required  to  study  the  solution  of  the  first  problem  and  to  make  an  independent  solution 
of  the  unsolved  problem. 

A  very  satisfactory  course  in  framed  structures  can  be  given  by  requiring  the 
student  to  solve  about  three-fourths  of  the  problems  in  Chapter  XIII. 

The  discussion  in  Part  II  covers  the  calculation  of  the  deflections  of  structures,  the 
calculation  of  the  stresses  in  statically  indeterminate  girders,  trusses  and  frames, 
and  the  calculation  of  secondary  stresses  in  trusses.  The  most  important  methods  for 
the  calculation  of  deflections  are  described  in  detail.  The  stresses  in  stiff  frames,  the 
two-hinged  arch,  and  the  steel  head  frame  are  calculated  and  explained  in  detail.  The 
detail  solutions  of  nine  problems  and  the  statements  of  six  additional  problems  are  given 
in  Chapter  XXII.  The  discussion  of  statically  indeterminate  structures  in  this  section 
is  preliminary  to  a  study  of  movable  bridges,  arch,  cantilever  and  suspension  bridges. 

The  discussion  in  Part  III  covers  the  design  and  construction  of  steel  frame  buildings 
for  mines,  mills,  smelters  and  other  industrial  plants.  The  detailed  design  of  a  crane 
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2  INTRODUCTION 

((irder,  a  roof  truss,  and  a  steel  frame  mill. building  are  given.  The  design  and  con^ 
Htruction  of  floors,  roof  coverings,  foundations,  corrugated  steel,  windows,  doors, 
ventilators,  wall  covering,  and  other  details  of  steel  frame  buildings  are  fully  discussed. 
A  complete  specification  for  steel  frame  mill  buildings  is  given  in  Appendix  I.  For 
properties  of  sections  reference  is  made  to  the  author's  "Structural  Engineers'  Hand- 
book.'' While  this  book  is  a  companion  volume  to  the  "Structural  Engineers' 
Handbook,"  the  two  books  are  independent. 

For  a  brief  course  in  structural  engineering  for  mechanical  or  electrical  engineering 
students  Chapter  VII,  Chapter  VIII,  and  all  of  Part  II  may  be  omitted. 


PART   I. 


STRESSES   IN   FRAMED  STRUCTURES, 


CHAPTER  I. 

Graphic  Statics. 

Introduction. — Structures  are  acted  upon  by  external  forces  consisting  of  the  loads 
and  the  reactions  of  the  supports.  The  loads  may  be  due  to  the  weight  of  the  structure, 
due  to  the  weights  carried  by  the  structure,  or  be  due  to  snow  or  wind.  The  external 
forces  acting  on  a  structure  are  held  in  equilibrium  by  internal  forces  called  stresses. 
If  a  straight  member  is  acted  upon  at  its  ends  by  two  equal  external  forces  in  the  direc- 
tion of  its  length,  equilibrium  at  any  right  section  of  the  member  will  be  maintained 
by  internal  forces  called  stresses  acting  on  opposite  sides  of  the  section,  equal  in  amount, 
but  opposite  in  direction  to  the  external  forces.  When  the  external  forces  tend  to 
elongate  the  member,  the  stress  is  tension;  when  the  external  forces  tend  to  shorten 
the  member  the  stress  is  compression;  while  when  the  external  forces  tend  to  shear  the 
member  off,  the  stress  is  shear.  Strain  b  the  deformation  caused  by  stress,  the  ratio 
of  stress  to  strain  being  equal  to  a  quantity,  usually  a  constant,  called  the  modulus  of 
elasticity.  Compressive  stresses  will  be  considered  positive  stresses,  while  tensile 
stresses  will  be  considered  negative  stresses.  Forces  are  concurrent  when  their  lines  of 
action  meet  in  a  common  point,  non-concurrent  when  their  lines  of  action  do  not  all 
meet  in  a  common  point.  Forces  acting  in  a  plane  are  called  coplanar;  forces  acting  in 
different  planes  are  called  non-coplanar  forces.  Coplanar  forces  only  will  be  considered 
in  this  chapter. 

The  moment  of  a  force  about  a  point  is  its  tendency  to  produce  rotation  about 
that  point.  Moment  is  measured  by  the  product  of  the  magnitude  of  the  force  and  the 
perpendicular  dropped  from  the  point  to  the  line  of  action  of  the  force.  Moments  are 
commonly  measured  in  foot-pounds,  inch-pounds,  foot-tons  or  inch-tons. 

The  resultant  of  a  system  of  forces  is  a  single  force  that  will  replace  the  system. 
The  force  equal  and  opposite  to  the  resultant  will  be  the  equilibrant  of  the  system  of 
forces.  Where  the  system  of  forces  reduces  to  a  couple  no  one  force  will  replace  the 
system,  but  the  resultant  and  equilibrant  of  the  system  will  each  be  a  couple. 

Equilibrium. — Statics  considers  forces  as  at  rest  and  therefore  in  equilibrium.  To 
have  static  equilibrium  in  any  system  of  forces  there  must  be  neither  translation  nor 
rotation  and  the  following  conditions  must  be  fulfilled  for  coplanar  forces  (forces  in  one 
plane). 
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I 

X  horizontal  components  of  forces        =0  (1) 

S  vertical  components  of  forces  =0  (2) 

Z  moments  of  forces  about  any  point  =  0  (3) 

Representation  of  Forces. — A  force  is  determined  when  its  magnitude,  line  of 
action,  and  direction  are  Jcnown,  and  it  may  be  represented  graphically  in  magnitude 
by  the  length  of  a  line,  in  line  of  action  by  the  position  of  the  line,  and  in  direction  by 
an  arrow  placed  on  the  line,  pointing  in  the  direction  in  which  the  force  acts.  A  force 
may  be  considered  as  applied  at  any  point  in  its  line  of  action. 

Force  Triangle. — The  resultant,  R,  of  the  two  forces  Pi  and  Pz  meeting  at  the 
point  a  in  Fig.  1  is  represented  in  magnitude  and  direction  by  the  diagonal,  22,  of  the 
parallelogram  a-h-c-d.  The  combining  of  the  two  forces  Pj  and  P2  into  the  force  R  is 
termed  composition  of  forces.     The  reverse  process  is  called  resolution  of  forces. 


The  value  of  R  may  also  be  found  from  the  equation 

iJ*  =  Pi»  +  P2»  +  2Pi- P2  cos  6 

It  is  not  necessary  to  construct  the  entire  force  parallelogram  as  in  (a)  Fig.  1,  the 
force  triangle  (6)  below  or  (c)  above  the  resultant  R  being  sufl&cient. 

If  only  one  force  together  with  the  line  of  action  of  the  two  others  be  given  in  a 
system  containing  three  forces  in  equilibrium,  the  magnitude  and  direction  of  the  two 
forces  may  be  found  by  means  of  the  force  triangle. 

If  the  resultant  R  in  Fig.  1  is  replaced  by  a  force  E  equal  in  amount  but  opposite 
in  direction,  the  system  of  forces  will  be  in  equilibrium,  (a)  or  (6)  Fig.  2.  The  force  E 
is  the  equilibrant  of  the  system  of  forces  Pi  and  P2.  • 


<'^--^ 


It  is  immaterial  in  what  order  the  forces  are  taken  in  constructing  the  force  triangle, 
as  in  Fig.  2,  as  long  as  the  forces  all  act  in  the  same  direction  around  the  triangle.  The 
force  triangle  is  the  foundation  of  the  science  of  graphic  statics. 


.   FORCE  POLYGON.  6 

Force  Polygon. — If  more  than  three  concurrent  forces  (forces  which  meet  in  a 
point)  are  in  equilibrium  as  in  (a)  Fig.  3,  Ri  in  (6)  will  be  the  resultant  of  Pi  and  Pi, 
Rt  will  be  the  resultant  of  Ri  and  Pa,  and  will  also  be  the  equilibrant  of  Pa  and  Ps. 


Fig.  3. 


The  force  polygon  in  (6)  is  therefore  only  a  combination  of  force  triangles.  The  force 
polygon  for  any  s^rstem  of  forces  may  be  constructed  as  follows: — Beginning  at  any 
point  draw  in  succession  lines  representing  in  magnitude  and  direction  the  given  forces, 
each  line  beginning  where  the  preceding  one  ends.  If  the  polygon  closes  the  system  of 
forces  is  in  equilibrium,  if  not  the  line  joining  the  first  and  last  points  represents  the 
resultant  in  magnitude  and  direction.  As  in  the  case  of  the  force  triangle,  it  is  imma- 
terial in  what  order  the  forces  are  applied  as  long  as  they  all  act  in  the  same  direction 
around  the  polygon.  A  force  polygon  is  analogous  to  a  traverse  of  a  field  in  which  the 
bearings  and  the  distances  are  measured  progressively  around  the  field  in  either  direc- 
tion.    The  conditions  for  closure  in  the  two  cases  are  also  identical. 

It  will  be  seen  that  any  side  in  the  force  polygon  is  the  equilibrant  of  all  the  other 
sides,  and  that  any  side  reversed  in  direction  is  the  resultant  of  all  the  other  sides. 

Equilibrium  of  Concurrent  Forces. — The  necessary  condition  for  equilibrium  of 
concurrent  coplanar  forces  therefore  is  that  the  force  polygon  close.  This  is  equivalent 
to  the  algebraic  condition  that  S  horizontal  components  of  forces  =«  0,  and  Z  vertical 
components  of  forces  =  0.  If  the  system  of  concurrent  forces  is  not  in  equilibrium  the 
resultant  can  be  found  in  magnitude  and  direction  by  completing  the  force  polygon. 
The  resultant  of  a  system  of  concurrent  forces  is  always  a  single  force  acting  through 
their  point  of  intersection. 

Equilibrium  of  Non-concurrent  Forces. — If  the  forces  are  non-concurrent  (do  not 
all  meet  in  a  common  point),  the  condition  that  the  force  polygon  close  is  a  necessary, 
but  not  a  sufficient  condition  for  equilibrium.  For  example,  take  the  three  equal 
forces  Pi,  P2  and  Pj,  making  an  angle  of  120**  with  each  other  as  in  (a)  Fig.  4. 

The  force  polygon  (6)  closes,  but  the  system  is  not  in  equilibrium.  The  resultant, 
B,  of  P2  and  P3  acts  through  their  intersection  and  is  parallel  to  Pi,  but  is  opposite  in 
direction.  The  system  of  forces  is  in  equilibrium  for  translation,  but  is  not  in  equi- 
librium for  rotation. 

The  resultant  of  this  system  is  a  couple  with  a  moment  =  —  Pr^,  moments 
clockwise  being  considered  negative  and  counter-clockwise  positive,  (c)  Fig.  4.  The 
equilibrant  of  the  system  in  (a)  Fig.  4  is  a  couple  with  a  moment  =  +  Pi-h. 

A  couple. — A  couple  consists  of  two  parallel  forces  equal  in  amount,  but  opposite 
in  direction.    The  arm  of  the  couple  is  the  perpendicular  distance  between  the  forces. 
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The  iqoment  of  a  couple  is  equal  to  one  of  the  forces  multiplied  by  the  arm.  The 
moment  of  a  couple  is  constant  about  any  point  in  the  plane  and  may  be  represented 
graphically  by  twice  the  area  of  the  triangle  having  one  of  the  forces  as  a  base  and  the 
arm  of  the  couple  as  an  altitude.  The  moment  of  a  force  about  any  point  may  be 
represented  graphically  by  twice  the  area  of  a  triangle  as  shown  in  (c)  Fig.  4. 


Resu/fanf  Moment 


(B) 


Positive  Moment 


IVegafive  Moment 
M^-Ph 

(o) 


Fig.  4. 


It  will  be  seen  from  the  preceding  discussion  that  in  order  that  a  system  of  non- 
concurrent  forces  be  in  equilibrium  it  is  necessary  that  the  resultant  of  all  the  forces 
save  one  shall  coincide  with  the  one  and  be  opposite  in  direction.  Three  non-concurrent 
forceps  can  not  be  in  equilibrium  unless  they  are  parallel.  The  resultant  of  a  system  of 
non-concurrent  forces  may  be  a  single  force  or  a  couple. 


Fig.  5. 


SquOibriiim  Polygwi.— FiVsl  3fW*od.— In  Fig,  5  the  resultant,  o,  of  Fi  and  Fi  acts 
through  their  intersection  and  is  equal  and  parallel  to  a  in  the  force  polygon  (a);  the 
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resultant,  h,  of  a  and  P>  acts  through  their  intersection  and  is  equal  and  parallel  to  h 
in  the  force  polygon;  the  resultant,  c,  of  b  and  P4  acts  through  their  intersection  and 
is  equal  and  parallel  to  c  in  the  force  polygon;  and  finally  the  resultant,  R,  of  c  and  Pi 
acts  through  their  intersection  and  is  equal  and  parallel  to  A  in  the  force  polygon. 
R  is  therefore  the  resultant  of  the  entire  system  of  forces.  If  A  is  replaced  by  an  equal 
and  opposite  force,  E,  the  system  of  forces  will  be  in  equilibrium.  Polygon  (a)  in  Fig.  5 
is  called  a  force  polygon  and  (&)  is  called  a  funicular  or  an  equilibrium  polygon.  It  will 
be  seen  that  the  magnitude  and  direction  of  the  resultant  of  a  S3rstem  of  forces  is  given 
by  the  closing  line  of  the  force  polygon,  and  the  line  of  action  is  given  by  the  equilibrium 
polygon. 

The  force  polygon  in  (a)  Fig.  6  closes  and  the  resultant,  A,  of  the  forces  Pi,  P2, 
Pt,  Pit  Pi  is  parallel  and  equal  to  Pe,  and  is  opposite  in  direction.  The  system  is  in 
equilibrium  for  translation,  but  is  not  in  equilibrium  for  rotation.    The  resultant  is  a 


Resultant  Moment  l^ 


Af^'Peh 


(b) 


Fig.  6. 


couple  with  a  moment  »  —  Pe'A.  The  equilibrant  of  the  system  of  forces  will  be  a 
couple  with  a  moment  =  +  P^'h.  From  the  preceding  discussion  it  will  be  seen  that 
if  the  force  polygon  for  any  system  of  non-concurrent  forces  closes  the  resultant  will  be  a 
couple.     If  there  is  perfect  equilibrium  the  arm  of  the  couple  will  be  zero. 

Second  Method. — Where  the  forces  do  not  intersect  within  the  limits  of  the  drawing 
board,  or  where  the  forces  are  parallel,  it  is  not  possible  to  draw  the  equilibrium  polygon 
as  shown  in  Fig.  5  and  Fig.  6,  and  the  following  method  is  used. 

The  point  0,  (a)  Fig.  7,  which  is  called  the  pole  of  the  force  polygon,  is  selected  so 
that  the  strings  a-o^  6-0,  c-o^  d-o  and  e-o  in  the  equilibrium  polygon  (6),  which  are 
drawn  parallel  to  the  corresponding  rays  in  the  force  polygon  (a),  will  make  good  inter- 
sections with  the  forces  which  they  replace  or  equilibrate. 

In  the  force  polygon  (a),  Pi  is  equilibrated  by  the  imaginary  forces  represented  by 
the  rays  o-a  and  b-o  acting  as  indicated  by  the  arrows  within  the  triangle;  Pt  is  equi- 
librated by  the  imaginary  forces  represented  by  the  rays  0-6  and  c-o  acting  as  indicated 
by  the  arrows  within  the  triangle;  Pi  is  equilibrated  by  the  imaginary  forces  repre- 
sented by  the  rays  0-^  and  d-o  acting  as  indicated  by  the  arrows  within  the  triangle; 
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and  Pa  is  equilibrated  by  the  imaginary  forces  o-d  and  e-o  acting  as  indicated  by  the 
arrows  within  the  triangle.  The  imaginary  forces  are  all  neutralized  except  a-o  and 
o-e,  which  are  seen  to  be  components  of  the  resultant  R. 


>?> 


■^^--^^. 
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Fig.  7. 


To  construct  the  equilibrium  polygon,  take  any  point  on  the  line  of  action  of  Pi 
and  draw  strings  o-a  and  o-h  parallel  to  rays  o-a  and  0-6,  h-o  is  the  equilibrant  of  o-a 
and  Pi;  through  the  intersection  of  string  o-h  and  F%  draw  string  c-o  parallel  to  ray 
c-Oy  c-o  is  the  equilibrant  of  o-b  and  Pi]  through  the  intersection  of  string  c-o  and  Ps 
draw  string  d-o  parallel  to  ray  d-o,  d-o  is  the  equilibrant  of  o-c  and  Pj;  and  through 
the  intersection  of  string  d-o  and  Pa  draw  string  e-o  parallel  to  ray  e-o,  e-o  is  the  equi- 
librant of  o-d  and  P4.  Strings  a-o  and  o-e  acting  as  shown  are  components  of  the 
resultant  R,  which  will  be  parallel  to  R  in  the  force  polygon  and  acts  through  the  inter- 
sections of  strings  a-o  and  o-e. 

The  imaginary  forces  represented  by  the  rays  in  the  force  polygon  may  be  considered 
as  components  of  the  forces  and  the  analysis  made  on  that  assumption  with  equal  ease. 

It  is  immaterial  in  what  order  the  forces  are  taken  in  drawing  the  force  polygon,  as 
long  as  the  forces  all  act  in  the  same  direction  around  the  force  polygon,  and  the  strings 
meeting  on  the  lines  of  the  forces  in  the  equilibrium  polygon  are  parallel  to  the  rays 
drawn  to  the  ends  of  the  same  forces  in  the  force  polygon. 

The  imaginary  forces  a-o,  b-o,  c-o,  d-o,  e-o  are  represented  in  magnitude  and  in 
direction  by  the  rays  of  the  force  polygon  to  the  same  scale  as  the  forces  Pi,  Pj,  Pa,  P4. 
The  strings  of  the  equilibrium  polygon  represent  the  imaginary  forces  in  line  of  action 
and  direction,  but  not  in  magnitude. 

Reactions  of  a  Simple  Beam. — The  equilibrium  polygon  may  be  used  to  obtain  the 
reactions  of  a  beam  loaded  with  a  load  P  as  in  Fig.  8. 

The  force  polygon  (6)  is  drawn  with  a  pole  0  at  any  convenient  point  and  rajrs  o-a 
and  o-c  are  drawn.  Now  from  the  fundamental  conditions  for  equilibrium  for  trans- 
lation we  have  P  =  i^i  +  R2.  At  any  convenient  point  in  the  line  of  action  of  P  draw 
the  strings  a-a  and  o-c  parallel  to  the  rays  o-a  and  o-c,  respectively,  in  the  force  polygon. 
The  imaginary  forces  o-a  and  c-o  acting  as  shown  equilibrate  the  force  P.  The  imag- 
inary force  a-o  acting  in  a  reverse  direction  as  shown  is  an  equilibrant  of  Ri,  and  the 
imaginary  force  o-c  acting  in  a  reverse  direction  is  an  equilibrant  of  /^j.    The  remaining 


REACTIONS  OF  A  CANTILEVER  TRUSS. 


9 


equilibrant  of  Ri  and  of  Bt  must  coincide  and  be  equal  in  amount,  but  opposite  in 
direction.  The  string  2h-o  is  the  remaining  equilibrant  of  Ri  and  of  Rt  and  is  called  the 
closing  line  of  the  equilibrium  polygon.  The  ray  b-o  drawn  parallel  to  the  string  2ho 
divides  P  in  two  parts  which  are  equal  to  the  reactions  Ri  and  Bt  (for  reactions  of 
overhanging  beam  see  Chapter  IV). 
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Jfy^ 
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(b) 


Fig.  8. 


Reactions  of  a  Cantilever  Truss. — In  the  cantilever  truss  shown  in  Fig.  9,  the 
direction  and  point  of  application  B  of  the  reaction  B\  are  known,  while  the  point  of 
application  A  of  the  reaction  B%  only  is  known.  The  direction  of  reaction  Bt  may  be 
found  by  applying  the  principle  that  if  a  body  is  in  equilibrium  under  the  action  of 
three  external  forces  which  are  not  parallel,  they  must  all  meet  in  a  common  point, 


z><^-— f 


5     "-.      ^ 


(b) 


t.  e.,  the  forces  must  be  concurrent.  The  resultant  of  all  the  loads  acts  through  the 
point  c,  which  is  also  the  point  of  intersection  of  the  reactions  B\  and  B^.  Having  the 
direction  of  the  reaction  B\^  the  values  of  the  reactions  may  be  found  by  means  of  a 
force  polygon. 

The  direction  of  reaction  Bt  may  be  found  by  means  of  a  force  and  equilibrium 
polygon  as  follows:  Construct  the  force  polygon  (6)  with  pole  0  and  draw  equilibrium 
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polygon  (a)  starting  with  point  A^  the  only  known  point  on  the  reaction  Rt,  and  draw 
the  polygon  as  previously  described.  A  line  drawn  through  point  0  in  the  force  polygon 
parallel  to  the  closing  line  of  the  equilibrium  polygon  will  meet  iZi,  drawn  parallel  to 
reaction  Ri,  in  the  point  y,  which  is  also  a  point  on  Rt.  The  reactions  Ri  and  R^  are 
therefore  completely  determined  in  direction  and  amount. 

The  method  just  given  is  the  one  commonly  used  for  finding  the  reactions  in  a 
truss  with  one  end  on  rollers  (see  Chapter  III). 

Equilibiium  Polygon  as  a  Framed  Structure. — In  (a)  Fig.  10,  the  rigid  triangle 
supports  the  load  Pi.    Construct  a  force  polygon  by  drawing  rays  a-1  and  c-l  in  (b) 


(a) 


Fig.  10. 


parallel  to  sides  a-1  and  c-l,  respectively,  in  (a),  and  through  pole  1  draw  l-^  parallel 
to  side  1-6  in  (a).  The  reactions  i^i  and  fij  will  be  given  by  the  force  polygon  (6),  and 
the  rays  1-a,  1-c  and  1-6  represent  the  stresses  in  the  members  1-a,  1-c  and  1-6,  re- 
spectively, in  the  triangular  structure.  The  stresses  in  1-a  and  1-^;  are  compression 
and  the  stress  in  1-6  is  tension,  forces  acting  toward  the  joint  indicating  compression 
and  forces  acting  away  from  the  joint  indicating  tension.  Triangle  (a)  is  therefore  an 
equilibrium  polygon  and  polygon  (6)  is  a  force  polygon  for  the  force  Pi. 

From  the  preceding  discussion  it  will  be  seen  that  the  internal  stresses  at  any  point 
or  on  any  section  hold  in  equilibrium  the  external  forces  meeting  at  a  point  or  on  either 
side  of  the  section. 

Graphic  Moments. — In  Fig.  11  (b)  b  a  force  polygon  and  (a)  is  an  equilibrium 
polygon  for  the  system  of  forces  Pi,  Pj,  Pj,  P4.  Draw  the  line  M-N  =  Y  parallel  to 
the  resultant  R,  and  with  ends  on  strings  o-e  and  o~a  produced.  Let  r  equal  the  alti- 
tude of  the  triangle  Lr-M-N  and  H  equal  the  altitude  of  the  similar  triangle  o-e-a. 
H  is  the  pole  distance  of  the  resultant  R. 

Now  in  the  similar  triangles  L-M-N  and  (y-e-a 


and 


R,Y::H\r 
Rr  =  H'Y 


But  R'T  =  M  =  moment  of  resultant  R  about  any  point  in  the  line  M-N  and 
therefore 

M  =  H'Y 
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The  statement  of  the  principle  just  demonstrated  is  as  follows:  The  moment  of 
any  system  of  coplanar  forces  about  any  point  in  the  plane  is  equal  to  the  intercept  on  a 
line  drawn  through  the  center  of  moments  and  parallel  to  the  resultant  of  all  the  forces, 
cut  ofif  by  the  strings  which  meet  on  the  resultant,  multiplied  by  the  pole  distance  of 
the  resultant.  It  should  be  noted  that  in  all  cases  the  intercept  is  a  distance  and  the  pole 
distance  is  a  force. 

bJi- 


(a) 


Fig.  11. 


This  property  of  the  equilibrium  polygon  is  frequently  used  in  finding  the  bending 
moments  in  beams  and  trusses  which  are  loaded  with  vertical  loads. 

Bending  Moments  in  a  Beam. — It  is  required  to  find  the  moment  at  the  point  M 
in  the  simple  beam  loaded  as  in  (b)  Fig.  12.    The  moment  at  M  will  be  the  algebraic 
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Fig.  12. 


sum  of  the  moments  of  the  forces  to  the  left  of  M,  The  moment  of  Pi  =  H  X  B-C, 
the  moment  of  P2  =  H  X  C-D  and  the  moment  of  Ri  =  —  H  X  B-A.  The  moment 
at  M  will  therefore  be 

Mi  =  HXB-C  +  HXC-'D  -UXB-A^^HX  A-D  =  -  H-y 
The  moment  of  the  forces  to  the  right  of  M  may  in  like  manner  be  shown  to  be 

Ml  =  +H'y 
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In  like  manner  the  bending  moment  at  any  point  in  the  beam  may  be  shown  to  be  the 
ordinate  of  the  equilibrium  polygon  multiplied  by  the  pole  distance.  The  ordinate  is  a 
distance  and  is  measured  by  the  same  scale  as  the  beam,  while  the  pole  distance  is  a 
force  and  is  measured  by  the  same  scale  as  the  loads. 

To  Draw  an  Equilibrium  Polygon  Through  Two  Points. — In  Fig.  13  it  is 
required  to  draw  an  equilibrium  polygon  through  the  two  points  1  and  2.  Construct  a 
force  polygon  for  the  given  forces  Pi,  P?,  P3.  Through  points  1  and  2  in  (a)  draw 
reactions  Ri  and  R2  parallel  to  the  resultant  a-d  in  force  polygon  in  (6).  Beginning 
with  point  1  in  (a)  draw  equilibrium  polygon  1-2'.  The  dotted  strings  in  (a)  are  drawn 
parallel  to  the  dotted  rays  in  (6).     Through  pole  O'  in  (6)  draw  O'-e  parallel  to  the 
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Fig.  13. 


closing  line  1-2'  in  (a).  Then  line  e-a  is  Ri  and  d-e  is  /22.  Now  through  point  1  in  (a) 
draw  closing  line  1-2,  and  through  point  e  in  (6)  draw  line  e-0  parallel  to  the  closing 
line  1-2  in  (a).  Now  any  equilibrium  polygon  drawn  through  point  1  in  (a)  with  a 
pole  0  in  (6)  will  pass  through  the  required  point  2  in  (a).  For  reactions  Ri  and  Rt 
are  the  same  for  all  force  and  equilibrium  polygons. 

To  Draw  an  Equilibrium  Polygon  Through  Three  Points. — In  Fig.  14,  it  m  required 
to  draw  an  equilibrium  polygon  through  the  three  points  1,  2,  3.  Construct  a  force 
polygon  for  the  three  forces  Pi,  P2,  Ps  in  (6),  with  pole  0'.  Through  points  1  and  3 
in  (a)  draw  reactions  Ri  and  Rz^  respectively,  parallel  to  resultant  a-e-d  in  (6).  Also 
through  points  1  and  2  draw  reactions  Ri'  and  Rzy  respectively,  parallel  to  resxiltant 
a-c  in  (6).  Now  through  point  1  in  (a)  draw  dotted  equilibrium  polygon  l-2'-3',  with 
strings  parallel  to  the  dotted  rays  in  (6).  In  force  polygon  (6)  draw  line  C-e  parallel 
to  closing  line  1-3'  in  (a).  Then  in  (6),  e-a  =  Ri,  and  d-e  =  R2*  Also  draw  line  O'-f 
in  (6)  parallel  to  closing  line  1-2'  in  (a).  Then /-a  ==  Ri  and  c-f  =  R2.  In  (a)  draw 
closing  lines  1-2,  and  1-3,  respectively.  Through  points  e  and  /  in  (6)  draw  lines 
parallel  to  closing  lines  1-3,  and  1-2  in  (a),  respectively.  Now  every  equilibrium 
polygon  having  its  pole  on  the  line  e-0  will  pass  through  points  1  and  3,  and  every 
equilibrium  polygon  having  its  pole  on  the  line  f-O  will  pass  through  points  1  and  2. 
Point  0  is  common  to  both  force  polygons,  and  therefore  an  equilibrium  polygon  with  a 
pole  at  0,  may  be  drawn  through  the  given  points  1,  2,  3. 
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It  will  be  seen  that  while  an  infinite  number  of  equilibrium  polygons  may  be 
drawn  through  two  points,  only  one  equilibrium  polygon  can  be  drawn  through  three 
points. 


(^) 


Fio.  14. 


Properties  of  Equilibrium  Polygons. — Given  the  forces  Pi,  P2,  Pi  in  (a)  Fig.  15. 
Construct  the  force  polygon  in  (6)  and  draw  resultant  a-d  =  R,  Now  with  pole  O  in 
force  polygon  (6)  draw  equilibrium  polygon  a-b-^-d  in  (a).     Also  with  pole  0\  in  force 


v^ 


I 


■^  ^ 


rsj 


Fig.  15. 


polygon  (6)  draw  equilibrium  polygon  ai,  &i,  ci,  di  in  (a).  Now  the  intersections  of  strings 
a-^  and  ai-Oi;  6-0  and  61-O1;  c-^  and  Ci-Oi;  d-0  and  di-Oi  will  meet  at  the  points 
a',  6',  c',  d',  respectively,  which  will  be  on  a  straight  line  parallel  to  the  line  0-0\  which 


1 
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passes  through  the  poles  0  and  Oi  in  (6).  This  relation  is  due  to  the  reciprocal  relation 
of  the  force  and  equilibrium  polygons,  and  may  be  proved  as  follows:  In  force  poly- 
gon (6)  force  Pi  may  be  resolved  into  rays  d-0  and  0-^,  it  may  also  be  resolved  into 
rays  d-Oi  and  Oi-c.  In  like  manner  it  will  be  seen  that  force  O-Oi  may  be  resolved 
into  rays  d-0  and  Oi-d,  it  may  also  be  resolved  into  rays  c-0  and  Oi-c,  Now  if  strings 
O-d  and  0-c  are  drawn  from  a  point  on  Pj  in  (a),  and  if  string  0\-d\  is  drawn  through  (i*, 
and  string  Oi-Ci  is  drawn  as  shown,  then  c'-d'  will  be  parallel  to  O-Oi.  For  the  resultant 
of  c-0  and  Oi-c  is  equal  to  O-Oi,  and  must  act  in  a  line  parallel  to  O-Oi;  likewise  the 
resultant  of  d-0  and  Oi-d  is  equal  to  O-Oi,  and  must  act  parallel  to  0-0i\  and  in 
order  to  have  equilibrium  c'-d'  must  be  parallel  to  0-0\, 

In  like  manner  it  may  be  proved  that  a',  6',  c',  d'  are  in  a  straight  line. 

P2      Pi        P5 

K^ — ^^'— ^ 


7F 
V         /I 


> q. 


::^po 


Fig.  16. 


Center  of  Gravity. — To  find  the  center  of  gravity  of  the  figure  shown  in  (a)  Fig.  16, 
proceed  as  follows:  Divide  the  figure  into  elementary  figures  whose  centers  of  gravity 
and  areas  are  known.  Assume  that  the  areas  act  as  the  forces  Pi,  Ps,  Pg  through  the 
centers  of  gravity  of  the  respective  figures.  Bring  the  line  of  action  of  these  forces  into 
the  plane  of  the  paper  by  turning  them  downward  as  in  (6)  and  to  the  right  as  in  (c). 
Find  the  resultant  of  the  forces  for  case  (6)  and  for  case  (c)  by  means  of  force  and 
equilibrium  polygons.  The  intersection  of  the  resultants  R  will  be  the  center  of  gravity 
of  the  figure.  The  two  sets  of  forces  may  be  assumed  to  act  at  any  angle;  however, 
maximum  accuracy  is  given  when  the  forces  are  assumed  to  act  at  right  angles.  If  the 
figure  has  an  axis  of  symmetry  but  one  force  and  equilibrium  polygon  is  required. 

Moment  of  Inertia  of  Forces. — The  determinat'on  of  the  moment  of  inertia  of 
forces  and  areas  by  graphics  is  interesting.  There  are  two  methods  in  common  use: 
(1)  Culmann's  method,  in  which  the  moment  of  inertia  of  forces  is  determined  by  finding 
the  moment  of  the  moment  of  forces  by  means  of  force  and  equilibrium  polygons,  and  (2) 
Mohr's  method,  in  which  the  moment  of  inertia  of  forces  is  determined  from  the  area 
of  the  equilibrium  polygon.  The  moment  of  inertia  of  a  force  about  a  parallel  axis  is 
equal  to  the  force  multiplied  by  the  square  of  the  distance  between  the  force  and  the  axis. 

Cvlmann's  Method.— It  is  required  to  find  the  moment  of  inertia,  /,  of  the  system 
of  forces  Pi,  Pj,  P,,  P4,  Fig.  17,  about  the  axis  M-N.    Construct  the  force  polygon  (a) 
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with  a  pole  distance  H,  draw  the  equilibrium  polygon  a-b-c-d-e,  and  produce  the  strings 
until  they  intersect  the  axis  M-N.  Now  the  moment  of  Pi  about  axis  M-N  equals 
E-D  X  H;  moment  of  Pi  equals  D-C  X  H]  moment  of  Pj  equals  C-B  X  H;  moment 
of  Pi  equals  B-A  X  H;  and  moment  of  resultant  R  equals  E-A  X  H.  With  inter- 
cepts E-Df  D-Cy  C-Bf  B-A,  as  forces  acting  in  place  of  Pi,  Pt,  Pa,  P4,  respectively, 
construct  force  polygon  (6)  with  pole  distance  H',  and  draw  equilibrium  polygon  (c). 


:----//--—>! 


I 


Cu/mannh  Method 
I     I  of  Forces  about 
r>^0'  axis  M-fi 
a      =F6x/ixH' 


(b) 


<c>       -T 


(a) 


Fig.  17. 


As  before  the  moments  of  the  forces  will  be  equal  to  the  products  of  the  intercepts  and 
pole  distance  and  the  moment  of  the  system  of  forces  represented  by  the  intercepts 
will  be  equal  to  the  intercept  G-F  multiplied  by  pole  distance  K\  But  the  intercepts 
E-Dy  D-C,  C-By  B-Ay  multiplied  by  the  pole  distance  H  equal  moments  of  the  forces 
Pi,  Pj,  Pj,  Pi,  respectively,  about  the  axis  M-N,  and  the  moment  of  inertia  of  the 
system  of  forces  Pi,  P2,  Pa,  P4,  about  the  axis  M-N  will  be  equal  to  the  intercept  G-F 
multiplied  by  the  product  of  the  two  pole  distances  H  and  H\  and 

I  =  F-<}XH  XH' 

Mohr's  Method, — It  is  required  to  find  the  moment  of  inertia,  7,  of  the  system  of 
forces  Pi,  P2,  Pa,  Pi,  Fig.  18,  about  the  axis  M-N,  Construct  the  force  polygon  (a) 
with  a  pole  distance  H,  and  draw  the  equilibrium  polygon  (6).  Now  the  moment  of  Pi 
about  the  axis  M-N  equals  intercept  F-G  multiplied  by  the  pole  distance  i/,  and  the 
moment  of  inertia  of  Pi  about  the  axis  M-N  equals  the  moment  of  the  moment  of  Pi 
about  the  axis,  =  F-G  X  H  X  d.  But  F-G  X  d  equals  twice  the  area  of  the  triangle 
F-G- Ay  and  we  have  the  moment  of  inertia  of  Pi  equal  to  the  area  of  the  triangle 
F-G-A  X  2H.  In  like  manner  the  moment  of  inertia  of  Pj  may  be  shown  equal  to 
area  of  the  triangle  G-H-B  X  2H'y  moment  of  inertia  of  Pa  equal  to  area  of  the  triangle 
H-I-C  X  2H'y  and  moment  of  inertia  of  P4  equal  to  area  of  the  triangle  I-J-D  X  2H, 
Summing  up  these  values  we  have  the  moment  of  inertia  of  the  system  of  forces  equal 
to  the  area  of  the  equilibrium  polygon  multiplied  by  twice  the  pole  distance,  H,  and 

/  =  area  F-A-B-C-D-E-J-F  X  2H 
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To  find  the  radius  of  g3rration^  r,  we  use  the  formula 

I  =  Rr' 

In  Fig.  18  the  moment  of  inertia,  I^  of  the  resultant  of  the  system  of  forces  about 
the  axis  M-N,  can  in  like  manner  be  shown  to  be  equal  to  area  of  the  triangle  F-E-J 
X2H. 

If  the  axis  M~N  is  made  to  coincide  with  the  resultant  R  the  moment  of  inertia 
leg.  of  the  system  will  be  equal  to  the  area  of  equilibrium  polygon  A-B-C-D-E  X  2H. 
This  furnishes  a  graphic  proof  for  the  proposition  that  the  moment  of  inertia,  /,  of  any 


'i^-'-y^p  hv- 


(a) 


y    MOHR'S  METHOD 


J 


f 


I  of  Forces  abouf  axis  M-tl 
=Area  FA-B-C-D-E-J-F x2H 

(b) 

Fig.  18. 


system  of  parallel  forces  about  an  axis  parallel  to  the  resultant  of  the  system  is  equal  to 
the  moment  of  inertia,  /e.^.,  of  the  forces  about  an  axis  through  their  centroid  plus  the 
moment  of  inertia,  7r,  of  their  resultant  about  the  given  axis. 

/  =  leg,  +  i2-A^ 

^  *  e.g.     I     *  r 

It  will  be  seen  from  the  foregoing  discussion  that  the  moment  of  inertia  of  a  system 
of  forces  about  an  axis  through  the  centroid  of  the  system  is  a  minimum. 

Moment  of  Inertia  of  Areas. — The  moment  of  inertia  of  an  area  about  an  axis  in 
the  same  plane  is  equal  to  the  summation  of  the  products  of  the  differential  areas  which 
compose  the  area  and  the  squares  of  the  distances  of  the  differential  areas  from  the  axis. 

The  moment  of  inertia  of  an  area  about  a  neutral  axis  (axis  through  center  of 
gravity  of  the  area)  is  less  than  that  about  any  parallel  axis,  and  is  the  moment  of  inertia 
used  in  the  fundamental  formula  for  flexure  in  beams 


M  = 


/•/ 


where 
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M  »  bending  moment  at  section  in  inch-pounds; 
/  =  extreme  fibre  stress  in  pounds; 

/  =  moment  of  inertia  of  section  in  inches  to  the  fourth  power; 
c  =  distance  from  neutral  axis  to  extreme  fibre  in  inches. 

An  approximate  value  of  the  moment  of  inertia  of  an  area  may  be  obtained  by 
either  of  the  preceding  methods  by  dividing  the  area  into  laminae  and  assuming  each 
area  to  be  a  force  acting  through  the  center  of  gravity  of  the  lamina,  the  smaUer  the 
laminae  the  greater  the  accuracy.  The  true  value  may  be  obtained  by  either  of  the 
abQve  methods  if  each  one  of  the  forces  is  assumed  to  act  at  a  distance  from  the  given 
axis  equal  to  the  radius  of  gyration  of  the  area  with  reference  to  the  axis,  d  =  VoM^^, 
where  a  is  the  distance  from  the  given  axis  to  the  center  of  gravity  of  the  lamina  and  r  is 
the  raditis  of  gyration  of  the  lamina  about  an  axis  through  its  center  of  gravity.  If  Ao 
is  the  area  of  each  lamina  the  moment  of  inertia  of  the  lamina  will  be 

/  =  Ao-d*  =  Ao-a*  +  Aot2  =  Ao-o«  +  leg. 

which  is  the  fundamental  equation  for  transferring  moments  of  inertia  to  parallel  axes. 

Problems. — For  problems  illustrating  the  principles  discussed  in  this  chapter, 
see  Chapter  XIII. 


CHAPTER  II. 
Stresses  in  Framed  Structures. 

Methods  of  Calculation. — The  determination  of  the  reactions  of  simple  framed 
structures  usually  requires  the  use  of  the  three  fundamental  equations  of  equilibrium, 

2)  horizontal  components  of  forces        «  0  (1) 

Z  vertical  components  of  forces  =  0  (2) 

2  moments  of  forces  about  any  point  =  0  (3) 

Having  completely  determined  the  external  forces,  the  internal  stresses  may  be 

obtained  by  either  equations  (1)  and  (2)  (resolution),  or  equation  (3)  (moments). 

These  equations  may  be  solved  by  graphics  or  by  algebra.    There  are,  therefore,  four 

methods  of  calculating  stresses: 

_      ,     .        ^  f  Algebraic  Method 

Resolution  of  Forces  \  ^      .,    »,  ^,    , 

[  Graphic  Method 

f  Algebraic  Method 
Moments  of  Forces  i  ^       , .    ,,  ^,     , 

[  Graphic  Method 

The  stresses  in  any  simple  framed  structure  can  be  calculated  by  using  any  one 
of  the  four  methods.  However,  all  the  methods  are  not  equally  well  suited  to  all 
problems,  and  there  is  in  general  one  method  that  is  best  suited  to  each  particular 
problem. 

The  common  practice  of  dividing  methods  of  calculation  of  stresses  into  analytic 
and  graphic  methods  is  meaningless  and  misleading  for  the  reason  that  both  algebraic 
and  graphic  methods  are  analytical,  t.  e,  capable  of  analysis. 

The  loads  on  trusses  are  usually  considered  as  concentrated  at  the  joints  in  the 
plane  of  the  loaded  chord. 

Algebraic  Resolution. — In  calculating  the  stresses  in  a  truss  by  algebraic  resolution, 
the  fundamental  equations  for  equilibrium  for  translation, 

Z  horizontal  components  of  forces  »  0  (1) 

S  vertical  components  of  forces      =  0  (2) 

are  applied  (1)  to  each  joint,  or  (2)  to  the  members  and  forces  on  one  side  of  a  section 
cut  through  the  truss. 

(o)  Farces  at  a  Joint, — The  reactions  having  been  found,  the  stresses  in  the  members 
of  the  truss  shown  in  Fig.  1  are  calculated  as  follows:  Beginning  at  the  left  reaction, 
Riy  we  have  by  appl3dng  equations  (1)  and  (2) 

l-X'sin  $  —  l-j/'sin  a  =  0  (4) 

l-x*cos  $  —  l-j/*cos  a  —  -Bi  =  0  (5) 
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The  stresses  in  members  1-x  and  1-y  may  be  obtained  by  solving  equations  (4) 
and  (5).    The  direction  of  the  forces  which  represent  the  stresses  in  amount  will  be 


(O) 


(C) 


Fig.  1. 


determined  by  the  signs  of  the  results,  plus  signs  indicating  compression  and  minus 
signs  indicating  tension.  Arrows  pointing  toward  the  joint  indicate  that  the  member 
is  in  compression;  arrows  pointing  away  from  the  joint  indicate  that  the  member  is  in 
tension.  The  stresses  in  the  members  of  the  truss  at  the  remaining  joints  in  the  truss 
are  calculated  in  the  same  way. 

The  direction  of  the  forces  and  the  kind  of  stress  can  always  be  determined  by 
sketching  in  the  force  polygon  for  the  forces  meeting  at  the  joint  as  in  (c)  Fig.  1. 

It  will  be  seen  from  the  foregoing  that  the  method  of  algebraic  resolution  consists 
in  applying  the  principle  of  the  force  polygon  to  the  external  forces  and  internal  stresses 
at  each  joint. 

Since  we  have  only  two  fundamental  equations  for  translation  (resolution)  we  can 
not  solve  a  joint  if  there  are  more  than  two  forces  or  stresses  unknown. 


/     K 


ca) 


?  ^  ^^' 


(b)       (C) 


Fig.  2. 


Where  the  lower  chord  of  the  truss  is  horizontal  as  in  Fig.  2,  we  have  by  applying 
fundamental  equations  (1)  and  (2)  to  the  joint  at  the  left  reaction, 


1-x  =  +  iZt'sec  0 
l-y  =  —  Ri-t&n0 


(6) 
(7) 


the  plus  sign  indicating  compression  and  the  minus  sign  tension.    Equations  (6)  and  (7) 
may  be  obtained  directly  from  force  triangle  (c).    Equations  (6)  and  (7)  are  used  in 
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calculating  the  stresses  in  trusses  with  parallel  chords  and  lead  to  the  method  of  coef- 
ficients (Chapter  VI). 

(6)  Forces  on  One  Side  of  a  Section. — The  principle  of  resolution  of  forces  may  be 
applied  to  the  structure  as  a  whole  or  to  a  portion  of  the  structure. 


(Q) 


(b) 


Fig.  3. 


If  the  truss  shown  in  Fig.  3  is  cut  by  the  plane  A- A,  the  internal  stresses  and 
external  forces  acting  on  either  segment,  as  in  (6)  will  be  in  equilibrium.  The  external 
forces  acting  on  the  cut  members  as  shown  in  (6)  are  equal  to  the  internal  stresses  in 
the  cut  members  and  are  opposite  in  direction. 

Applying  equations  (1)  and  (2)  to  the  cut  section 

3-2/  +  2-3COS  a  -  2-x-sin  d  =  0  (8) 

2-3-sin  a  -  2-a;-cos  6  +  Ri  -  Pi  ^  0  (9) 

Now,  if  all  but  two  of  the  external  forces  are  known,  the  unknowns  may  be  found 
by  solving  equations  (8)  and  (9).  If  more  than  two  external  forces  are  unknown  the 
problem  is  indeterminate  as  far  as  equations  (8)  and  (9)  are  concerned. 

In  the  Warren  truss  in  Fig.  4  the  stresses  at  a  joint  may  be  calculated  by  com- 


I/,      Xz      6t      X. 


3tre55  ^3' 5hear in  fhrte/ X  seed 


Fig.  4. 


pleting  the  force  polygon  as  at  the  left  reaction  in  (&)  Fig.  4. 
and  (2)  to  a  section  as  in  (c) 

2-x  +  2-3-sin  ^  -  3-2/  =  0 
-  2-3-cos^  -  P  +  fii  =0 


Applying  equations  (1) 

(10) 
(11) 
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Now,  Ri  -  P  ^  shear  in  the  panel.  Therefore  the  stress  in  2-3  =  -  (fii  -  P)  sec  S 
=  shear  in  panel  X  sec  0.  This  analysis  leads  directly  to  the  method  of  coefficients  as 
explained  in  detail  in  Chapter  VI. 

0'      10'    eO'    50' 


7 


c/c?/>7/'  Z^ 


^^^      c/(7/>7/Z/ 
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Joint  Uz 


Fig.  3. 


Graphic  Resolution. — In  Fig.  5  the  reactions  R\  and  Rt  are  found  by  means  of  the 
force  and  equilibrium  polygons  as  shown  in  (6)  and  (a).  The  principle  of  the  force 
polygon  is  then  applied  to  each  joint  of  the  structure  in  turn.  Beginning  at  the  joint  Z^ 
the  forces  are  shown  in  (c),  and  the  force  triangle  in  (d).  The  reaction  Rx  is  known  and 
acts  up,  the  upper  chord  stress  1-x  acts  downward  to  the  left,  and  the  lower  chord 
stress  1-y  acts  to  the  right,  closing  the  polygon.  Stress  1-x  is  compression  and  stress 
l-y  is  tension,  as  can  be  seen  by  applying  the  arrows  to  the  members  in  (c).  The  force 
polygon  at  joint  IJ\  is  then  constructed  as  in  (/).  Stress  \-x  acting  toward  joint  l]\ 
and  load  Pi  acting  downward  are  known,  and  stresses  1-2  and  2-x  are  found  by  com- 
pleting the  polygon.  Stresses  2-x  and  1-2  are  compression.  The  force  polygons  at 
joints  L\  and  IJ^  are  constructed,  in  the  order  given,  in  the  same  manner.  The  known 
forces  at  any  joint  are  indicated  in  direction  in  the  force  polygon  by  double  arrows,  and 
the  unknown  forces  are  indicated  in  direction  by  single  arrows. 

The  stresses  in  the  members  of  the  right  segment  of  the  truss  are  the  same  as  in 
the  left,  and  the  force  polygons  are,  therefore,  not  constructed  for  the  right  segment. 
The  force  polygons  for  all  the  joints  of  the  truss  are  grouped  into  the  stress  diagram 
shown  in  (A;).    Compression  in  the  stress  diagram  and  truss  is  indicated  by  arrows 
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acting  toward  the  ends  of  the  stress  lines  and  toward  the  joints,  respectively,  and  tension 
is  indicated  by  arrows  acting  away  from  the  ends  of  the  stress  lines  and  away  from  the 
joints,  respectively.  The  first  time  a  stress  is  used  a  single  arrow,  and  the  second  time 
the  stress  is  used  a  double  arrow  is  used  to  indicate  direction.  The  stress  diagram  in  (A;) 
Fig.  5  is  called  a  Maxwell  diagram  or  a  reciprocal  polygon  diagram.  The  notation 
used  is  known  as  Bow's  notation.  The  method  of  graphic  resolution  is  the  method 
most  commonly  used  for  calculating  stresses  in  roof  trusses  and  simple  framed  structures 
with  inclined  chords. 


%  /i:  ';#  V' 
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Fig.  6. 


Warren  Bridge  Trass. — In  Fig.  6  the  dead  load  stresses  in  a  Warren  bridge  truss 
loaded  on  the  lower  chord,  are  calculated  by  the  method  of  graphic  resolution.  In  the 
stress  diagram  the  loads  are  laid  off  from  the  bottom  upwards.  The  details  of  the 
solution  can  easily  be  followed  by  reference  to  Fig.  6  and  Fig.  5.  It  will  be  seen  that 
the  upper  chord  of  the  truss  is  in  compression,  while  the  lower  chord  is  in  tension. 

Algebraic  Moments. — The  reactions  may  be  found  by  applying  the  fundamental 
equations  of  equilibrium  to  the  structure  as  a  whole.  In  the  truss  in  (a)  Fig.  7,  by  taking 
moments  about  the  right  reaction  we  have 

Bi  X  6d  =  5Pi  X  3d 

To  find  the  stresses  in  the  members  of  the  truss  in  (a)  Fig.  7,  proceed  as  follows: 
Cut  the  truss  by  means  of  plane  A  A,  as  in  (6),  and  replace  the  stresses  in  the  members 
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cut  away  with  external  forces.     These  forces  are  equal  to  the  stressee  in  the  members  ii 
amount,  but  oppwite  in  direction,  and  produce  equilibrium. 


FiQ.  7. 
To  obtain  etrcw  4-j,  take  center  of  moments  at  Z-i,  and  take  moments  of  external 
4-1  X  a  +  P.  X  »f  -  fi.  X  2d  -  0 
ft,  X2d-Pyd       4Pd, 


4-x  • 


-  (compression) 


To  obtain  stress  in  4-5  take  center  of  moments  at  Lo,  and  take  moments  of  external 
forcoH 

4-5  X  6  -  2P,  X  |rf  -  0 


To  obt;iin  the  stress  in  5~i/  Iske  center  of  moments  at  joint  Ui  in  (r),  and  take 
moments  of  external  forces 

,Vv  X  *  -  R.  X  3rf  +  3P,-rf  -  0 
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To  Determine  Kind  oj  Streia. — If  (he  unknown  external  force  is  always  taken  as 
acting  from  the  outside  toward  the  cut  section,  i.  e.,  is  always  assumed  to  cause  com- 
pression, the  sign  of  the  result  will  indicate  the  kind  of  stress.  A  plus  sign  will  indicate 
that  the  assumed  direction  was  correct  and  that  the  stress  is  compression,  while  a 
minus  sign  will  indicate  that  the  assumed  direction  was  incorrect  and  that  the  stress 
is  tension. 

In  calculating  stresses  by  algebraic  moments,  therefore,  always  observe  the  fol- 
lowing rule: 

Assume  the  unknown  external  force  as  acting  from  the  ouUide  toward  the  cut  section; 
a  plus  sign  for  the  reauU  wiU  then  show  that  the  stress  in  the  member  is  compression,  and  a 
minus  sign  will  indicate  thai  the  stress  in  the  member  is  tension. 
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The  stresses  in  the  web  members  3-4,  2-3,  1-2,  are  found  by  taking  moments 
about  joint  Is  as  a  center.  The  stresses  in  y-3  and  y-\  are  found  by  taking  moments 
about  joints  Ut  and  Ui,  respectively;  and  the  stresses  in  x-2  and  x-\  are  found  by 
taking  moments  about  joint  L\. 

The  method  of  algebraic  moments  is  the  most  common  method  used  for  calculating 
the  stresses  in  bridge  trusses  with  inclined  chords  and  similar  frameworks  which  carry 
moving  loads. 

Stresses  in  a  Bridge  Truss. — Calculate  reaction  £■,  Fig.  8,  by  taking  moments  of 
the  vertical  forces  about  joint  W-  Then  R,  X  L  =  6Pt/2,  and  Ri  =  3P  =  fit. 
To  calculate  the  stress  in  any  member  in  the  truss,  pass  a  section  cutting  the  member 
in  which  the  stress  is  required,  and  cutting  away  the  truss  on  one  side  of  the  section. 
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The  stresses  in  the  members  cut  away  are  assumed  as  replaced  by  external  forces  acting 
in  the  line  of  the  member  and  equal  to  the  stresses  in  amount. 

To  calculate  the  stresses  take  the  center  of  momenta  so  that  there  will  be  but  one 
unknown  stress  The  solution  of  the  equation  of  moments  about  this  center  of  moments 
will  give  the  required  stress.  To  calculate  the  stress  in  4r-5  in  (6)  Fig,  8,  pass  the 
section  a-a,  cutting  away  the  right  side  of  the  truss,  and  take  the  center  of  momente  at 
the  intersection  of  the  top  and  bottom  chords.  Now  b-x  and  A.-y  act  through  the 
center  of  moments  and  produce  no  moment.  The  moment  of  the  stress  in  4-5  acting 
from  the  outside  toward  the  cut  section  with  an  arm  c,  holds  in  equilibrium  the  reaction 
fii,  and  the  two  loads,  P.  The  sign  of  the  result  will  determine  the  kind  of  stress, 
minus  for  tension  and  plus  for  compression.  To  calculate  the  stress  in  the  top  chord 
VtUt,  pass  section  b-b  in  (c)  and  take  moments  about  joint  Li. 


ia)  fb) 

Fia.  9. 

Graphic  Moments. — The  bending  moment  at  any  point  in  a  truss  may  be  found 
by  means  of  a  force  and  equilibrium  polygon  as  in  (if)  and  (a)  Fig.  9.    To  determine  the 
stress  in  4-z  cut  section  A  A  and  take  moments  about  joint  Li  as  in  Fig.  9.     The  moment 
of  the  external  forces  on  the  left  of  Li  will  be  Mt  ■»  —  fi'Vt,  and  stress 
4-1  =  -  jtft/a  =  +  H-yi!a 
To  obtain  stress  in  4-5  take  center  of  moments  at  joint  to,  and  stress 

4-5  =  M^lh  =  =  H-y./6    - 
To  obtun  stress  in  5-y  take  center  of  moments  at  joint  Vt,  and  stress 

5-1/  =  M,/A  -  -  H-ytlh 
The  method  of  graphic  moments  is  principally  used  to  explain  other  methods  and 
is  little  used  as  a  direct  method  of  calculation. 

Problems. — For  problems  illustrating  the  principles  discussed  in  this  chapter, 
see  Chapter  XIII. 


CHAPTER  III. 

Stresses  in  Simple  Roof  Trusses. 

Loads. — The  stresaes  in  roof  trusses  are  due  (1)  to  the  dead  load,  (2)  the  snow  load, 
(3)  the  wind  load,  and  (4)  concentrated  and  moving  loade.  The  stresses  due  to  dead, 
snow,  wind  and  concentrated  loads  will  be  discussed  in  this  chapter  in  the  order  given. 

Dead  Load  Stresses. — The  dead  load  is  made  up  of  the  weight  of  the  truss  and 
roof  covering  and  is  usually  considered  as  applied  at  the  panel  points  of  the  upper  chord 
in  computing  stresses  in  roof  trusses.  If  the  purlins  do  not  come  at  the  panel  points, 
the  upper  chord  will  have  to  be  designed  for  both  direct  stress  and  stress  due  to  flexure. 


The  dead  load  is  usually  specified  as  a  certain  number  of  pounds  per  sq.  ft.  of 
horizontal  projection  of  roof  supported. 

The  stresses  in  a  Pink  truss  due  to  dead  load  are  calculated  by  graphic  resolution 
in  Fig.  1. 

The  loads  are  laid  off,  the  reactions  found,  and  the  stresses  calculated  beginning  at 

joint  Lt,  as  explained  in  Fig.  5,  Chapter  II.    The  stress  diagram  for  the  right  half  of 

the  truss  need  not  be  drawn  where  the  truss  and  loads  are  symmetrical  as  in  Fig.  1; 

however  it  gives  a  check  on  the  accuracy  of  the  work  and  is  well  wor^h  the  extra  time 
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required.  The  loads  Pi  on  the  abutments  have  no  effect  od  the  etresBea  in  the  truss 
and  may  be  omitted  in  this  Bolution. 

In  calculating  the  atresaes  at  joint  Ft,  the  stressea  in  the  members  3-4,  4-5  and 
x-5  are  unknown,  and  the  solution  appears  to  be  indeterminate.  The  solution  is  easily 
made  by  cutting  out  members  4-5  and  5-6,  and  replacing  them  with  the  dotted  member 
shown.  The  stresaes  in  the  members  in  the  modified  truss  are  now  obtained  up  to  and 
including  stresses  &-x  and  6-7.  Since  the  stresses  6-i  and  6-7  are  independent  of  the 
form  of  the  framework  to  the  left,  as  can  easily  be  seen  by  cutting  a  section  through  the 
members  6-i,  6-7  and  7-^,  the  solution  can  be  carried  back  and  the  apparent  ambiguity 
removed.  The  ambiguity  can  also  be  removed  by  calculating  the  stress  in  7-j/  by 
algebraic  moments  and  substituting  it  in  the  stress  diagram.  It  will  be  noted  that  all 
top  chord  members  are  in  compression  and  all  bottom  chord  members  are  in  tension. 

The  dead  load  stressea  can  also  be  calculated  by  any  of  the  three  remaining  methods, 
as  previously  described. 

Dead  and  Ceiling  Load  Stresses.— The  stresses  in  a  triangular  Pratt  truss  due  ^ 
dead  and  ceiling  loads,  are  calculated  by  graphic  resolution  in  Fig.  2. 


/?£/JD  AND  CEIUN6  LOADS 
0'    5'   W  15' 


Fig.  2. 

For  simplicity  the  stresses  are  shown  for  one  side  only.  The  reaction  £[  is  equal 
to  one-half  of  the  entire  loac*  on  the  truss.  The  solution  'will  appear  more  clear  when 
it  is  noted  that  the  stress  diagram  shown  consists  of  two  diagrams,  one  due  to  loads 
on  the  upper  chord  and  the  other  due  to  loads  on  the  lower  chord,  combined  in  one,  the 
loads  in  each  case  coming  between  the  stresses  in  the  members  on  each  side  of  the  load. 
The  top  chord  loads  are  laid  off  in  order  downward,  while  the  bottom  chord  loads  are 
laid  off  in  order  ijpward. 
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Snow  Load  Stresses. — Large  snow  storms  nearly  always  occur  in  still  weather, 
and  the  maximum  snow  load  will  therefore  be  a  uniformly  distributed  load.  A  heavy 
wind  may  follow  a  sleet  storm  and  a  snow  load  equal  to  the  minimum  given  in  Fig.  2, 
Chapter  XXIV  should  be  considered  as  acting  at  the  same  time  as  the  wind  load.  The 
stresses  due  to  snow  load  are  found  in  the  same  manner  as  the  dead  load  stresses. 

Wind  Load  Stresses. — The  stresses  in  trusses  due  to  wind  load  will  depend  upon 
the  direction  and  intensity  of  the  wind,  and  the  condition  of  the  end  supports.  The 
wind  is  commonly  considered  as  acting  horizontally,  and  the  normal  component,  as 
determined  by  one  of  the  formulas  in  Fig.  4,  Chapter  XXIV,  is  taken. 

The  ends  of  the  truss  may  (1)  be  rigidly  fixed  to  the  abutment  walls,  (2)  be  equally 
free  to  move,  or  (3)  have  one  end  fixed  and  the  other  end  on  rollers.  When  both 
ends  of  the  truss  are  rigidly  fixed  to  the  abutment  walls  (1)  the  reactions  are  parallel 
to  each  other  and  to  the  resultant  of  the  external  loads;  where  both  ends  of  the  truss 
are  equally  free  to  move  (2)  the  horizontal  components  of  the  reactions  are  equal; 
and  where  one  end  is  fixed  and  the  other  end  is  on  frictionless  rollers  (3)  the  reaction  at 
the  roller  end  will  always  be  vertical.  Either  case  (1)  or  case  (3)  is  commonly  assumed 
in  calculating  wind  load  stresses  in  trusses.  Case  (2)  is  the  condition  in  a  portal  or 
framed  bent.  The  vertical  components  of  the  reactions  are  independent  of  the  con- 
dition of  the  ends. 

Xc\.     Kg 
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Fig.  3. 


Wind  Load  Stresses:  No  Rollers. — The  stresses  due  to  a  normal  wind  load,  in  a 
Fink  truss  with  both  ends  fixed  to  rigid  walls,  are  calculated  by  graphic  resolution  in 
Fig.  3.    The  reactions  are  parallel  and  their  sum  equals  sum  of  the  external  loads; 
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they  are  found  by  means  of  force  and  equilibrium  polygons  as  in  Fig.  8,  Chapter  I, 
and  Fig.  5,  Chapter  II.  The  stress  diagram  is  constructed  in  the  same  manner  as  that 
for  dead  loads.  Heavy  lines  in  truss  and  stress  diagram  indicate  compression,  and 
light  lines  indicate  tension. 

The  ambiguity  at  joint  Pz  is  removed  by  means  of  the  dotted  member  as  in  the 
case  of  the  dead  load  stress  diagram.  It  will  be  seen  that  there  are  no  stresses  in  the 
dotted  web  members  in  the  right  segment  of  the  truss.  It  is  necessary  to  carry  the 
solution  entirely  through  the  truss,  beginning  at  the  left  reaction  and  checking  up  at 
the  right  reaction.  It  will  be  seen  that  the  load  Pi  has  no  effect  on  the  stresses  in  the 
truss  in  this  case. 

Wind  Load  Stresses:  Rollers. — Trusses  longer  than  70  feet  are  usually  fixed  at 
one  end,  and  are  supported  on  rollers  at  the  other  end.  The  reaction  at  the  roller  end 
is  then  vertical — the  horizontal  component  of  the  external  wind  force  being  all  taken 


a\ 


Wind  Load,  Rollers  Leeward 


0'    10'  20'  50' 
1       I      I       I 


0  4000   8000  12000 

1  I         I         f 

Fig.  4. 

by  the  fixed  end.  The  wind  may  come  on  either  side  of  the  truss  giving  rise  to  two  con- 
ditions; (1)  rollers  leeward  and  (2)  rollers  windward,  each  requiring  a  separate  solution. 

Rollers  Leeward. — The  wind  load  stresses  in  a  triangular  Pratt  truss  with  rollers 
under  the  leeward  side  are  calculated  by  graphic  resolution  in  Fig.  4. 

The  reactions  in  Fig.  4  were  first  determined  by  means  of  force  and  equilibrium 
polygons,  on  the  assumption  that  they  were  parallel  to  each  other  and  to  the  resultant 
of  the  external  loads.    Then  since  the  reaction  at  the  roller  end  is  vertical  and  the 
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horizontal  component  at  the  fixed  end  is  equal  to  the  horizontal  component  of  the 
external  wind  forces,  the  true  reactions  were  obtained  by  closing  the  force  polygon. 

In  order  that  the  truss  be  in  equilibrium  under  the  action  of  the  three  external 
forces  Ri,  Rt  and  the  resultant  of  the  vrind  loads,  the  thre^  external  forces  must  meet  io  a 
point  if  produced.  This  furnishes  e.  method  for  determining  the  reactions,  where  the 
direction  and  line  of  action  of  one  and  a  point  in  the  line  of  action  of  the  other  are 
known,  providing  the  point  of  intersection  of  the  three  forces  comes  within  the  limits 
of  the  drawii^  board. 
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Fig.  5. 

The  stress  diagram  is  constructed  in  the  same  way  as  the  stress  diagram  for  dead 
loads.  It  will  be  seen  that  the  load  Pt  has  no  effect  on  the  stresses  in  the  trues  in  this 
case.  Heavy  lines  in  truss  and  stress  diagram  indicate  compression  and  light  lines 
indicate  tension. 

RoUers  Windward. — The  wind  load  stresses  in  the  same  triangular  Pratt  truss  as 
shown  in  Fig.  4,  with  rollers  under  the  windward  side  of  the  truss  are  calculated  by 
graphic  resolution  in  Fig.  5. 

The  true  reactions  were  determined  directly  by  means  of  force  and  equilibrium 
polygons  as  in  Fig.  9,  Chapter  I.  The  direction  of  the  reaction  fii  is  known  to  be 
vertical,  but  the  direction  of  the  reaction  Rt  is  unknown,  the  only  known  point  in  its 
line  of  action  being  the  right  abutment.  The  equilibrium  polygon  is  drawn  to  pass 
through  the  nght  abutment  and  the  direction  of  the  right  reaction  is  determined  by 
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connecting  the  point  of  intersection  of  the  vertical  reaction.  Ri  and  the  line  drawn 
through  0  parallel  to  the  closing  line  of  the  equilibrium  polygon,  with  the  lower  end 
of  the  load  line. 

Since  the  vertical  components  of  the  reactions  are  independent  of  the  conditions 
of  the  ends  of  the  truss,  the  vertical  components  of  the  reactions  in  Fig.  4  and  Fig.  5 
are  the  same.  It  will  be  seen  that  the  load  Pi  produces  stress  in  the  members  of  the 
truss  with  rollers  windward.  If  the  line  of  action  of  R2  drops  below  the  point  Pj  the 
lower  chord  of  the  truss  will  be  in  compression,  as  will  be  seen  by  taking  moments 
about  Ps. 

Concentrated  Load  Stresses. — The  stresses  in  a  Fink  truss  due  to  unequal  crane 
loads  are  calculated  by  graphic  resolution  in  Fig.  ^. 
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Fig.  6. 


The  reactions  were  found  by  means  of  force  and  equilibrium  polygons.  The  truss 
is  reduced  to  three  triangles  for  the  loading  shown.  The  solution  of  this  problem  is 
similar  to  that  for  ceiling  loads  in  Fig.  2.  The  moving  crane  trolley  will  produce 
maximum  moment  when  it  is  at  the  center  of  the  truss,  and  this  case  should  be  investi- 
gated in  solving  the  problem. 

The  method  of  graphic  resolution  is  commonly  used  for  calculating  the  stresses  in 
roof  trusses  and  similar  structures.  For  examples  of  the  calculation  of  stresses  in 
trusses  by  algebraic  resolution,  algebraic  and  graphic  moments,  see  Chapter  VI  and 
Chapter  XIII. 

Problems. — For  problems  illustrating  the  principles  discussed  in  this  chapter, 
see  Chapter  XIII. 


CHAPTER  IV. 
Simple  Beams. 

Reactions  of  a  Simple  Beam. — A  force  and  an  equilibrium  polygon  may  be  used  to 
obtain  the  reactions  of  a  beam  loaded  with  a  load  P,  as  in  Fig.  1. 
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The  force  polygon  (6)  is  drawn  with  a  pole  0  at  any  convenient  point,  and  rays 
0-a  and  0-c  are  drawn.  Now  from  the  fundamental  conditions  for  equilibrium  for 
translation  we  have  P  =  iJi  +  i22.  At  any  convenient  point  in  the  line  of  action  of  P, 
draw  the  strings  O-a  and  0-c  parallel  to  the  rays  a-0  and  O-c^  respectively,  in  the  force 
polygon.  The  imaginary  forces  0-a  and  0-c  acting  as  shown,  equilibrate  the  force  P. 
The  imaginary  force  a-O  acting  in  a  reverse  direction,  as  shown,  is  an  equilibrant  of  R\^ 
and  the  imaginary  force  o-O^  acting  in  a  reverse  direction,  is  an  equilibrant  of  R^,  The 
remaining  equilibrant  of  Rx  and  of  R^  must  coincide  and  be  equal  in  amount,  but  oppo- 
site in  direction.  The  string  6-0  is  the  remaining  equilibrant  of  R\  and  also  of  £>, 
and  is  called  the  closing  line  of  the  equilibrium  polygon.  The  ray  6-0  drawn  parallel 
to  the  string  &-0  divides  P  in  two  parts,  which  are  equal  to  the  reactions  R\  and  Ri. 

Reactions  of  a  Cantilever  Beam. — As  a  second  example  let  it  be  required  to  find 
the  reactions  of  the  overhanging  beam  shown  in  Fig.  2. 

Construct  a  force  polygon  with  pole  0,  as  in  (6),  and  draw  an  equilibrium  polygon, 
as  in  (a).  The  ray  Chd^  drawn  parallel  to  the  closing  line  0-d  in  (o),  determines  the 
reactions.  In  this  case  reaction  R\  is  negative.  It  should  be  noted  that  the  closing 
line  in  an  equilibrium  polygon  must  have  its  ends  on  the  two  reactions. 

The  ordinate  to  the  equilibrium  polygon  at  any  point,  miJtiplied  by  the  pole 
distance,  H,  will  give  the  bending  moment  in  the  beam  at  a  point  immediately 
above  it. 
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Moment  and  Shear  in  Beams:  Concentrated  Loads. — The  bending  moment  in 
the  beam  shovn  in  Fig.  3  may  be  found  by  constructing  the  force  polygon  (a)  and 
equilibrium  polygon  (6)  as  shown. 

The  bending  moment  at  any  point  is  then  equal  to  the  ordinate  to  the  equilibrium 
polygon  at  that  point  multiplied  by  the  pole  distance,  H.  The  ordinate  is  to  be  mea- 
sured to  the  same  scale  as  the  beam,  and  the  pole  distance,  ff,  is  to  be  measured  to  the 
same  scale  as  the  loads  in  the  force  polygon.  The  ordinate  is  a  distance  and  the  pole 
distance  is  a  force. 

Or,  if  the  scale  to  which  the  beam  is  laid  off  be  multiplied  by  the  pole  distance 
measured  to  the  scale  of  the  loads,  and  this  scale  be  used  in  measurii^  the  ordinates. 


-.-----^0 


the  ordinates  will  be  vqual  to  the  bending  moments  at  the  corresponding  points.  This 
is  the  same  as  m^n^  the  pole  distance  equal  to  unity.  Diagram  (b)  is  called  a  moment 
diagram. 
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Between  the  left  support  and  the  first  load  the  shear  is  equal  to  i^i;  between  the 
loads  Pi  and  Pj  the  shear  equals  Ri  —  Pi',  between  the  loads  Pt  and  Pi  the  shear 
equals  /2i  —  Pi  —  Pa;   between  the  loads  Pj  and  Pa  the  shear  equals  fii  —  Pi  —  P2 

—  Pj;    and  between  load  Pa  and  the  right  reaction  the  shear  equals  i^i  —  Pi  —  Pi 

—  Pj  —  P4  =  —  Ri.  At  load  Pi  the  shear  changes  from  positive  to  negative.  Dia- 
gram (c)  is  called  a  shear  diagram.  It  will  be  seen  that  the  maximum  ordinate  in  the 
moment  diagram  comes  at  the  point  of  zero  shear. 

The  bending  moment  at  any  point  in  the  beam  is  equal  to  the  algebraic  sum  of 
the  shear  areas  on  either  side  of  the  point  in  question.  From  this  we  see  that  the  shear 
areas  on  each  side  of  Ps  must  be  equal.  This  property  of  the  shear  diagram  depends 
upon  the  principle  that  the  bending  moment  at  any  point  in  a  simple  beam  is  the  definite 
integral  of  the  shear  between  either  point  of  support  and  the  point  in  question.  This 
will  be  taken  up  again  in  the  discussion  of  beams  uniformly  loaded  which  will  now  be 
considered. 

Moment  and  Shear  in  Beams:  Uniform  Loads. — In  the  beam  loaded  with  a  uni- 
form load  of  w  lb.  per  lineal  foot  shown  in  Fig.  4,  the  reaction  Ri  =  R2  ^  iwL.    At  a 


loac/=  w  fb.  per  tin.  ft 
L -->! 


I 
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_.  *~  ^  ^ 
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A 


Shear  Diagram 

Fig.  4. 


distance  x  from  the  left  support,  the  bending  moment  is 

M  =  Rx'X  —  Jip-x*  =  \w  (L'X  —  X*) 


(1) 


which  is  the  equation  of  a  parabola. 

The  parabola  may  be  constructed  by  means  of  the  force  and  equilibrium  polygons 
by  assuming  that  the  uniform  load  is  concentrated  at  points  in  the  beam,  as  is  assumed 
in  a  bridge  truss,  and  drawing  the  force  and  equilibrium  polygons  in  the  usual  way,  as 
in  Fig.  4.  The  greater  the  number  of  segments  into  which  the  uniform  load  is  divided 
the  more  nearly  will  the  equilibrium  polygon  approach  the  bending  moment  parabola. 

The  parabola  may  be  constructed  without  drawing  the  force  and  equilibrium  poly- 
gons as  follows:  Lay  off  ordinate  m-n  »  n-p  »  bending  moment  at  center  of  beam 
«  ^W'LK  Divide  a-p  and  b-p  into  the  same  number  of  equal  parts  and  number  them 
as  shown  in  (6).    Join  the  points  with  like  numbers  by  lines,  which  will  be  tangents  to 
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the  required  parabola.     It  will  be  seen  in  Fig.  4  that  points  on  the  parabola  are  also 
obtained. 

The  shear  at  any  point  x,  will  be 


S  =  Ri  —  W'Z  =  ^W'L  ^  wx  =.  w(iL  —  x) 


(2) 


which  is  the  equation  of  the  inclined  line  shown  in  (c)  Fig.  4.    The  shear  at  any  point 
is  therefore  represented  by  the  ordinate  to  the  shear  diagram  at  the  given  point. 

Proper  y  of  the  Shear  Diagram. — Integrating  the  equation  for  shear  between  the 
limits,  X  =  0  and  x  =  x  we  have 


I     S'dx  =    I 

t/O  «/0 


w(iL  —  x)dx  =  ^w{L'X  —  x') 


(3) 


which  is  the  equation  for  the  bending  moment  at  any  point,  x,  in  the  beam,  and  is 
also  the  area  of  the  shear  diagram  between  the  limits  given.  From  this  we  see  that  the 
bending  moment  at  any  point  in  a  simple  beam  uniformly  loaded  is  equal  to  the  area 
of  the  shear  diagram  to  the  left  of  the  point  in  question.  The  bending  moment  is  also 
equal  to  the  algebraic  sum  of  the  shear  areas  on  either  side  of  the  point. 
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Beam  with  Partial  Uniform  Load. — The  beam  in  Fig.  5  is  loaded  with  a  load  w  ex- 
tending over  a  length  6.  The  bending  moments  between  the  left  end  of  the  uniform 
load  and  the  left  reaction  is  R\'X^  represented  by  the  ordinates  to  the  straight  line  A-\ 
in  (a);  the  bending  moments  in  that  part  of  the  beam  covered  by  the  uniform  load  is 
represented  by  ordinates  to  the  curved  line  1-2;  while  the  bending  moments  to  the 
right  of  the  uniform  load  are  represented  by  ordinates  to  the  straight  line  2-B.  The 
ordinates  from  the  straight  line  1-2  to  the  curve  1-2  are  the  same  as  for  a  simple  beam 
with  a  span  h  loaded  with  a  uniform  load  w.  The  shear  diagram  is  shown  in  (6).  It  will 
be  seen  that  the  maximum  bending  moment  comes  at  the  point  of  zero  shear. 

Problems. — For  problems  illustrating  the  principles  discussed  in  this  chapter, 
see  Chapter  XIII. 


CHAPTER  V. 
Moving  Loads  on  Beams. 

Uniform  Moving  Loads. — Let  the  beam  in  Fig.  1  be  loaded  with  a  uniform  load  of 
p  lb.  per  lineal  foot,  which  can  be  moved  on  or  off  the  beam. 


I  IIIIIIIIIIIIIIIIIIIIIIIIIIIMIIIHIIIII 


A]  (a) 


Uniform  Moving  Load 
=p  lb.  per  fin.  ft,       \ 


m 


Maximum  F*bsifiye  Shear 


B 


Load  "^^^''^9  off"^  the  rig/jf  [g 


Maximum  Negative  Shear 
Load  moving  off  to  the  left 


Fig.  1. 


To  find  the  position  of  the  moving  load  that  will  produce  a  maximum  moment  at  a 
point  a  distance  a  from  the  left  support,  proceed  as  follows:  Let  the  end  of  the  uniform 
load  be  at  a  distance  z  from  the  left  reaction.     Then  taking  moments  about  Rt  we  have 


and  the  moment  at  the  point  whose  abscissa  is  a  will  be 


(1) 


M  =  Rva  - 


(a  -  xY 


V  = 


{l-xY 
21 


a"p  — 


(a  -  xY 


(2) 


Differentiating  (2)  and  placing  derivative  of  M  with  respect  to  x  equal  to  zero,  we  have 
after  solving 

a;  ==  0  .  (3) 

Therefore  the  maximum  moment  at  any  point  in  a  beam  will  occur  when  the  beam  is 
fully  loaded. 

The  bending  moment  diagram  for  a  beam  loaded  with  a  uniform  moving  load  is 
constructed  as  in  Fig.  4,  Chapter  IV. 
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To  find  the  position  of  the  moving  load  for  maximum  shear  at  any  point  in  a  beam 
loaded  with  a  moving  uniform  load,  proceed  as  follows:  The  left  reaction  when  the  end 
of  the  moving  load  is  at  a  distance  x  from  the  left  reaction,  will  be 

and  the  shear  at  a  point  at  a  distance  a  from  the  left  reaction  will  be 

(I  —  xY 
S  =  Ri  -  (a  -x)p  =  — - —  p  -  (a  -  x)p  (4) 

which  is  the  equation  of  a  parabola. 

By  inspection  it  can  be  seen  that  S  will  be  a  maximum  when  a  =  x.  The  maximum 
shear  at  any  point  in  a  beam  will  therefore  occur  at  the  end  of  the  uniform  moving 
load,  the  beam  being  fully  loaded  to  the  right  of  the  point  as  in  (a)  Fig.  1  for  maximum 
positive  shear,  and  fully  loaded  to  the  left  of  the  point  as  in  (&)  Fig.  1  for  maximum 
negative  shear. 

If  the  beam  is  assumed  to  be  a  cantilever  beam  fixed  at  A,  and  loaded  with  a 
stationary  uniform  load  equal  to  p  lb.  per  lineal  foot,  and  an  equilibrium  polygon  be 
drawn  with  a  force  polygon  having  a  pole  distance  equal  to  length  of  span,  Z,  the  parar 
bola  drawn  through  the  points  in  the  equilibrium  polygon  will  be  the  maximum  positive 
shear  diagram,  (a)  Fig.  1.  The  ordinate  at  any  point  to  this  shear  diagram  will  repre- 
sent the  maximum  positive  shear  at  the  point  to  the  same  scale  as  the  loads  (for  the 
application  of  this  principal  to  bridge  trusses  see  Fig.  9,  Chapter  VI). 

Concentrated  Moving  Loads. — Let  a  beam  be  loaded  with  concentrated  moving 
loads  at  fixed  distances  apart  as  shown  in  Fig.  2. 


Fig.  2. 

First  Proof. — To  find  the  position  of  the  loads  for  maximum  moment  and  the 
amount  of  the  maximum  moment,  proceed  as  follows:  The  load  P2  will  be  considered 
first..  Let  X  be  the  distance  of  the  load  Pj  from  the  left  support  when  the  loads  produce 
a  maximum  moment  under  load  P2. 

Taking  moments  about  R2  we  have 

Rrl  =  Pi{l  -  x  +  a)  +  P2(l  -  x)  +  P,(Z  -  x  -  h)  +  PS  -  x  -  b  -  c) 

=  (Z  -  x){Pi  +  P2  +  Ps  +  P4)  +  Pi-a  -  Pz'b  -  P,{b  +  c)  (5) 

and  the  bending  moment  under  load  P2  will  be 

M  =  Ri'X  -  Pi-a 

x{l  -  x)(Pi  +  P2  +  P,  +  Pi)  +  xjPi'a-Pz'b  -  Piib  +  c))       ^ 
= j -Pi -a         (6) 
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DifiFerentiating  (6)  we  have 

dM  ^  (Z  -  2x)iPi  +  Pa  +  P,  +  P,)  +  p,.a  -  p,.6  -  p,(b  +  c) 
dx 


I 


=  0 


(7) 


and  solving  (7)  for  x  we  have 


_l        Pi' a  -  Pz'b  -  Pi(b  +  c) 
"^  "  2  "^     2(Pi  +  P,  +  P,  +  p,) 


(8) 


Now  Pi- a  —  Prb  —  Piih  +  c),  is  the  static  moment  of  the  loads  about  Pt  and 

Pi-a  -  Pz'b  -  P4(b  +  c) 

— 5 — r-^ — r^ — —z =  distance  from  Pj  to  center  of  the  gravity  of  all  the  loads. 

"i  "T  "a  +  i^«  +  -r  4 

Therefore,  for  a  maximum  moment  under  load  Ps,  it  must  be  as  far  from  one  end 
as  the  center  of  gravity  of  all  the  loads  is  from  the  other  end  of  the  beam,  Fig.  2 

The  above  criterion  holds  for  all  the  loads  on  .the  beam.  The  only  way  to  find  which 
load  produces  the  greatest  maximum  is  to  try  each  one,  however,  it  is  usually  possible 
to  determine  by  inspection  which  load  will  produce  a  maximum  bending  moment. 
For  example  the  maximum  moment  in  the  beam  in  Fig.  2  will  certainly  come  under 
the  heavy  load  Pj.  The  above  proof  may  be  generalized  without  difl&culty  and  the 
criterion  above  shown  to  be  of  general  application. 
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Fig.  3. 


Second  Proof. — Let  several  moving  loads  at  fixed  distances  apart  pass  over  the 
girder  with  span  I  in  Fig.  3.  It  is  required  to  calculate  the  point  in  the  beam  where 
some  intermediate  load  P  will  produce  a  maximum  moment.  Let  the  sum  of  the  loads 
to  the  left  of  the  load  P  be  equal  to  Wi  acting  through  the  center  of  gravity  of  the  loads, 
and  let  the  sum  of  all  the  loads  on  the  span  be  equal  to  W  acting  through  the  center  of 
gravity  of  all  the  loads.  It  is  assumed  that  all  loads  remain  on  the  span  during  this 
discussion.     In  general  the  point  of  maximum  moment  will  come  under  a  heavy  load. 

Let  load  P  be  at  a  distance  b  to  the  right  of  Wi,  and  at  a  distance  c  to  the  left 
of  W;  and  let  W  be  at  a  distance  x  from  the  right  end  of  the  span.  Then  the  left  reac- 
tion will  be  found  by  taking  moments  about  the  right  reaction,  and 


Ri'l  =  W'X 


(9) 


and  the  bending  moment  under  the  load  P  will  be  equal  to  the  moment  of  the  left 
reaction  about  the  load  P  minus  the  moment  of  the  load  Wi  about  load  P,  and 


M  =  Ri'(l  -  c  -  x)  -  Wi'b 


(10) 
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3.  Four  equal  loads  P,  at  fixed  distances  apart  »  a.     The  seeond  load  from  the 
left  will  be  at  a  point 

«  «  J  tf  -  i«)  (23) 

and 

M  =  P  (I  -  2a  +  aV40  (24) 

If  a  is  greater  than  0.268  /,  three  loads  give  a  maximum  moment  as  above. 


CHAPTER  VI. 
Stresses  in  Highway  Bridge  Trusses. 

LOADS. — The  loads  on  highway  bridges  are  commonly  specified  as  a  certain 
number  of  pounds  per  square  foot  of  floor  surface,  or  per  lineal  foot  of  truss  or  bridge. 
The  live  load  is  assumed  as  applied  at  the  panel  points  of  the  loaded  chord,  while  the 
dead  load  may  be  assumed  as  all  applied  on  the  loaded  chord,  or  assumed  as  partly 
applied  on  the  loaded  chord  and  partly  on  the  unloaded  chord  (usually  two-thirds  on 
the  loaded  chord  and  one-third  on  the  unloaded  chord).  In  this  discussion  the  dead 
load  will  be  assumed  as  applied  at  the  panel  points  in  the  loaded  chord.  Equal  panel 
lengths  and  joint  loads  will  also  be  assumed. 
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Algebraic  Resolution.* — Let  the  Warren  truss  in  Fig.  1  have  dead  loads  applied  at 
the  joints  as  shown.  From  the  fundamental  equations  for  equilibrium  for  translation, 
reaction  Ri  =  Rt  —  ZW. 

The  stresses  in  the  members  are  calculated  as  follows:  Resolving  at  the  left  reac- 
tion, stress  in  l-x  =  +3Tr-sec^,  and  stress  in  \-y  =  —  STT-tan^.  Revolving  at 
first  joint  in  upper  chord,  stress  in  1-2  =  —  STT-sec  ^,  and  stress  in  2-x  =  -|-  6W-tan  B, 
Resolving  at  second  joint  in  lower  chord,  stress  2-3  =  -|-  2Tr-sec^,  and  stress  Z-y 
=  —  STT'tan  0,  And  in  like  manner  the  stresses  in  the  remaining  members  are  found 
as  shown.  The  coefficients  shown  in  Fig.  1  for  the  chords  are  to  be  multiplied  by 
IT -tan  B]  while  those  for  the  webs  are  to  be  multiplied  by  W-sec  B, 

It  will  be  seen  that  the  coefficients  for  the  web  stresses  are  equal  to  the  shear  in  the 
resi>ective  panels.  Having  found  the  shears  in  the  different  panels  of  the  truss,  the 
remaining  coefficients  may  be  found  by  resolution.  Pass  a  section  through  any  panel 
and  the  algebraic  sum  of  the  coefficients  will  be  equal  to  zero.  Therefore,  if  two  coef- 
ficients are  known,  the  third  may  be  found  by  addition. 


Also  called  "Method  of  Sections." 
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Beginning  with  member  l-y,  which  is  known  and  equals  —  3; 

coefficient  of  2-x  =  -  (-    3  -  3)  =  +    6; 

coefficient  of  3-y  =  -  (+    6  +  2)  «  -    8; 

coefficient  of  4-a;  =  -  (-    8  -  2)  =  +  10; 

coefficient  of  5-y  =  -  (+  10  +1)  =  -  11 

coefficient  of  G-x  =  -  (-  11  -  1)  =  +  12; 

coefficient  of  7-y  =  -  (+  12  +  0)  =  -  12. 

Loading  for  Maximum  Stresses. — The  effect  of  different  positions  of  the  loads  on  a 
Warren  truss  will  now  be  investigated. 
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Let  the  truss  in  Fig.  2  be  loaded  with  a  single  load  P  as  shown.  The  left  reaction, 
Bi  =  VtP,  and  the  right  reaction,  ILt  =  V?^-  The  stress  in  l-y  =  —  VrP-tan  ^,  and 
stress  in  l-x  =  +  Vt^'SCC  %,  The  stress  in  1-2  =  —  ^/jP-sec  6  and  stress  in  2-3  = 
—  Vi-P'sec  By  etc.  The  remaining  coefficients  are  found  as  in  the  case  of  dead  loads  by 
adding  coefficients  algebraically  and  changing  the  sign  of  the  result. 

In  Fig.  3  the  coefficients  for  a  load  applied  at  each  joint  in  turn  are  shown  for  the 
different  members;  the  coefficients  for  the  load  on  left  being  given  in  the  top  line. 

The  following  conclusions  may  be  drawn  from  Fig.  3. 

(1)  All  loads  produce  a  compressive  stress  in  the  top  chord  and  a  tensile  stress 
in  the  bottom  chord. 

(2)  All  the  loads  on  one  side  of  a  panel  produce  the  same  kind  of  stress  in  the 
web  members  that  are  inclined  in  the  same  direction  on  that  side. 

For  maximum  stresses  in  the  chords,  therefore,  the  truss  should  be  fully  loaded. 
For  maximum  stresses  in  the  web  members,  the  longer  segment  into  which  the  panel 
divides  the  truss  should  be  fully  loaded;  while  for  minimum  stresses  in  the  web  mem- 
bers, the  shorter  segment  of  the  truss  should  be  fully  loaded. 

The  conditions  for  maximum  loading  of  a  truss  with  equal  joint  loads  are  there- 
fore seen  to  be  essentially  the  same  as  the  maximum  loading  of  a  beam  with  a  uniform 
live  load. 

Stresses  in  Warren  Truss. — The  coefficients  for  maximum  and  minimum  stresses  in  a 
Warren  truss  due  to  live  load  are  shown  in  Fig.  4. 


STRESSES  IN  A  WARREN  TRUSS. 
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These  coefficients  are  seen  to  be  the  algebraic  sum  of  the  coefficients  for  the  indi- 
vidual loads  given  in  Fig.  3.  The  live  load  chord  coefficients  are  the  same  as  for  dead 
load,  and  if  found  directly  are  found  in  the  same  manner. 
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The  maximum  web  coefficients  may  be  found  directly  by  taking  off  one  load  at  a 
time  beginning  at  the  left.  The  left  reaction,  which  may  be  found  by  algebraic  mo- 
ments, will  in  each  case  be  the  coefficient  of  the  maximum  stress  in  the  panel  to  the  left 
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of  the  first  load.  A  rule  for  finding  the  coefficient  of  left  reaction  for  any  loading  is  as 
follows:  Multiply  the  number  of  loads  on  the  truss  by  the  number  of  loads  plus  unity, 
and  divide  the  product  by  twice  the  number  of  panels  in  the  truss  and  the  result  will 
be  the  coefficient  of  the  left  reaction. 
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If  the  second  differences  of  the  maximum  coefficients. in  the  web  members  are 
calculated,  they  will  be  found  to  be  constant,  which  shows  that  the  coefficients  are 
equal  to  the  ordinates  of  a  parabola. 

TABLE  I. 
Second  Differences  of  Numerators  of  Web  Coefficients. 


Coefficients, 
First  differences, 
Second  differences, 


28  21  15 

76s 


10  6  3  I  o 

4321 
I  I  I  I 


This  relation  gives  an  easy  method  for  checking  up  the  maximum  web  coefficients, 
since  the  numerators  of  the  coefficients  are  always  the  same  beginning  with  zero  in  the 
first  panel  on  the  right  and  progressing  in  order  1,  3,  6,  10,  etc.;  the  denominators 
always  being  the  number  of  panels  in  the  truss. 

It  should  be  noted  that  in  the  Warren  truss  the  members  meeting  on  the  unloaded 
chord  always  have  stresses  equal  in  amount,  but  opposite  in  sign. 
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Stresses  in  Pratt  Truss. — In  the  Pratt  truss  the  diagonal  members  are  tension 
members  and  counters  (see  dotted  members  in  (c)  Fig.  5)  must  be  supplied  where  there 
is  a  reversal  of  stress.  The  coefficients  for  the  dead  and  live  load  stresses  in  the  Pratt 
truss  shown  in  (a)  and  (b)  Fig.  5,  are  found  in  the  same  manner  as  for  a  Warren  truss. 
The  member  UiLi  acts  as  a  hanger  and  carries  only  the  load  at  its  lower  end.  The 
stresses  in  the  chords  are  found  by  multipl3dng  the  coefficients  by  TT-tan  0,  and  in  the 
inclined  webs  by  multiplying  the  coefficients  by  W'sec  6,  The  stresses  in  the  posts 
are  equal  to  the  vertical  components  of  the  stresses  in  the  inclined  web  members  meeting 
them  on  the  unloaded  chord. 

The  maximum  chord  stresses  shown  on  the  left  of  (c)  are  equal  to  the  sum  of  the 
live  and  dead  load  chord  stresses.  The  minimum  chord  stresses  shown  on  the  right 
of  (c)  are  equal  to  the  dead  load  chord  stresses. 

The  maximum  and  minimum  web  stresses  are  found  by  adding  algebraically  the 
stresses  in  the  members  due  to  dead  and  live  loads. 
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Fig.  6. 

Since  the  diagonal  web  members  in  a  Pratt  truss  can  take  tension  only,  counters 
must  be  supplied  as  UzL%  in  panel  LiLt,  The  tensile  stress  in  a  counter  in  a  panel  of  a 
Pratt  truss  is  always  equal  to  the  compressive  stress  that  would  occur  in  the  main 
diagonal  web  member  in  the  panel  if  it  were  possible  for  it  to  take  compression.  Care 
must  always  be  used  to  calculate  the  corresponding  stresses  in  the  vertical  posts. 
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Graphic  ResolutJon. — The  stresses  in  a  Warren  truss  due  to  dead  loads  are  calcu- 
lated by  graphic  resolution  in  Fig.  6.  The  solution  is  the  same  as  for  ceiUng  loads  in  a 
roof  truss.  The  loads  be^pnoing  with  the  first  load  on  the  left  are  laid  off  from  the 
bottom  upwards;  or  if  the  loads  beginning  with  the  first  load  are  laid  off  from  the  top 
downwards,  the  stress  diagram  will  be  on  the  right  hand  side  of  the  load  line.  The 
analysis  of  the  solution  is  shown  on  the  stress  diagram  and  truss  and  needs  no  explanation. 
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From  the  stresses  in  the  members  it  is  seen  (a)  that  web  members  meeting  on  the 
unloaded  chord  have  stresses  equal  in  amount  but  opposite  in  sign,  and  (6)  that  the 
lower  chord  stresses  are  the  arithmetical  means  of  the  upper  chord  stresses  on  each  side. 

The  live  load  chord  stresses  may  be  obtained  from  the  stress  diagram  in  Fig.  6 
by  changing  the  scale  or  by  multiplying  the  dead  load  stresses  by  a  constant. 

The  live  load  web  stresses  may  be  obtained  by  calculating  the  left  reactions  for 
the  loading  that  gives  a  maximum  shear  in  the  panel  (no  loads  occurring  between  the 
panel  and  the  left  reaction),  and  then  constructing  the  stress  diagram  up  to  the  member 
whose  stress  is  required.  In  a  truss  with  parallel  chords  it  is  only  necessary  to  calcu- 
late the  stress  in  the  first  web  member  for  any  given  reaction  since  the  shear  is  constant 
between  the  left  reaction  and  the  panel  in  question. 

The  live  load  web  stresses  may  all  be  obtained  from  a  single  diagram  as  follows: 
With  an  assumed  left  reaction  of,  say,  100,000  lb.  construct  a  stress  diagram  on  the 
assumption  that  the  truss  is  a  cantilever  fixed  at  the  right  abutment  and  that  there 
are  no  loads  on  the  truss.  Then  the  maximum  stress  in  any  web  member  will  be  equal 
to  the  stress  scaled  from  the  diagram,  divided  by  100,000,  multiplied  by  the  left  reaction 
that  produces  the  maximum  stress.  This  method  is  a  very  convenient  one  for  finding 
the  stresses  in  a  truss  with  inclined  chords.    See  Problem  36,  Chapter  XIII. 
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Algebraic  Moments. — The  dead  and  live  load  stresses  in  ^  truss  with  inclined 
chords  are  calculated  by  algebraic  moments  in  Fig.  7.  The  conditions  for  maximum 
loading  are  the  same  in  this  truss  as  in  a  truss  with  parallel  chords,  and  are  as  follows: 
Maximum  chord  stresses  occur  when  all  loads  are  on;  minimum  chord  stresses  occur 
when  no  live  load  is  on;  maximum  web  stresses  in  main  members  occur  when  the  longer 
segment  of  the  truss  is  loaded;  and  minimum  stresses  in  main  members  and  maximum 
stresses  in  counters  occur  when  the  shorter  segment  of  the  truss  is  loaded.  An  apparent 
exception  to  the  latter  rule  occurs  in  post  UtLt  which  has  a  maximum  stress  when  the 
truss  is  fully  loaded  with  dead  and  live  loads. 

To  find  the  stress  in  member  UiL^  take  moments  about  point  A,  the  intersection 
of  the  upper  and  lower  chords  produced.  The  dead  load  stress  is  then  given  by  the 
equation 

U1L2  X  70.7  +  fiiX60-Trx80  =  0 

UxLt  X  70.7  =  -6X60  +  3X80=  -120  foot-tons 

U1L2  =  -  1.70  tons 

The  maximum  live  load  stress  occurs  when  all  loads  are  on  except  Li,  and 

U1L2  X  70.7  +  i2i  X  60  =  0 

U1L2  X  70.7  =  -  f  P  X  60  =  -  576  foot-tons 

U1L2  =  -  8.14  tons 

The  maximum  live  load  stress  in  counter  U2L1  occurs  with  a  load  at  Li,  and  is 
given  by  the  equation 

-  U2L1  X  62.43  +  fti  X  60  -  P  X  80  =  0 

U2L1  X  62.43  =  ^P  X  60  -  8  X  80  «  -  256  foot-tons 

U2L1  =  -  4.10  tons 

The  dead  load  stress  in  counter  U2L1  when  main  member  U1L2  is  not  acting  will  he 

U2L1  X  62.43  =  +  120  foot-tons 
U2L1  =  +1.92  tons 

The  maximum  stress  in  U1L2  is  therefore  —  1.70  —  8.14  =  —  9.84  tons,  and  the 
minimum  stress  is  zero.  The  maximum  stress  in  counter  U2L1  is  +  1.92  —  4.10 
=  —  2.18  tons,  and  the  minimum  stress  is  zero. 

The  stresses  in  the  remaining  members  may  be  found  in  the  same  manner.  To 
obtain  stresses  in  upper  chords  U1U2  and  U2U2y  take  moments  about  Ls  as  a  center; 
to  obtain  stress  in  lower  chord  LoLi  take  moments  about  Ui  as  a  center.  The  dead 
load  and  maximum  live  load  stress  in  post  U2L2  is  equal  to  the  vertical  component  of 
the  dead  and  live  loads,  respectively,  in  upper  chord  C/iC/i.  The  stresses  in  LqUi, 
LoLi,  L2L2',  U2U2  and  U2L2'  are  most  easily  found  by  algebraic  resolution. 

Graphic  Moments. — The  dead  load  stresses  in  the  chords  of  a  Warren  truss  are 
calculated  by  graphic  moments  in  Fig.  8. 

Bending  Moment  Polygon, — The  upper  chord  stresses  are  given  by  the  ordinates  to 
the  bending  moment  parabola  direct,  while  the  lower  chord  stresses  are  arithmetical 
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means  of  the  upper  chord  stresses  on  each  side,  and  are  given  by  the  ordinates  to  the 
chords  of  the  parabola  as  shown  in  Fig.  8. 


k  BO'O  -^^ 


Fig.  8. 


The  parabola  is  constructed  as  follows:  The  mid-ordinate,  4r-j,  is  made  equal  to 
the  bending  moment  at  the  center  of  the  truss  divided  by  the  depth;  in  this  case  the 
mid-ordinate  is  the  stress  in  6-a:;  if  the  number  of  panels  in  the  truss  were  odd  the  mid- 
ordinate  would  not  be  equal  to  any  chord  stress.  The  parabola  is  then  constructed 
as  shown  in  Fig.  8.  The  live  load  chord  stresses  may  be  found  from  Fig.  8  by  changing 
the  scale  or  by  multiplying  the  dead  load  chord  stresses  by  a  constant. 

&hzaT  Polygon, — In  Chapter  V  it  was  shown  that  the  maximum  shear  in  a  beam 
at  any  point  could  be  represented  by  the  ordinate  to  a  parabola  at  any  point.  The 
same  principle  holds  for  a  bridge  truss  loaded  with  equal  joint  loads,  as  will  now  be 
proved. 

In  Fig.  9  assume  that  the  simple  Warren  truss  is  fixed  at  the  left  end  as  shown, 
and  that  right  reaction  Rz  is  not  acting.  Then  with  all  joints  fully  loaded  with  a  live 
load  P,  construct  a  force  polygon  as  shown,  with  pole  o  and  pole  distance  H  =  span  L, 
and  beginning  at  point  a  in  the  load  line  of  the  force  polygon  construct  the  equilibrium 
polygon  a-g-h  for  the  cantilever  truss. 

Now  the  bending  moment  at  the  left  support  will  be  equal  to  ordinate  Yi  multiplied 
by  the  pole  distance  H.  But  the  truss  is  a  simple  truss  and  the  moment  of  the  right 
reaction  will  be  equal  to  the  moment  at  the  left  abutment  and 


and  since  H  =  L 


and 


Yi'H  =  Ri'L 

Yi'L  =  R\'h 

Yi^Ri 


Now,  with  the  loads  remaining  stationary,  move  the  truss  one  panel  to  the  right  as 
shown  by  the  dotted  truss.  With  the  same  force  polygon  draw  a  new  equilibrium 
polygon  as  above.  This  equilibrium  polygon  will  be  identical  with  a  part  of  the  first 
equilibrium  polygon  as  shown.     As  above,  the  bending  moment  at  left  reaction  is 
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Y,-H  =  Yt-L  =  RfL,  and  Yi  =  Rt.  In  like  manner  Y^  can  be  shown  to  be  tbe 
right  reaction  with  three  loads  on,  etc.  Since  the  bridge  is  symmetrical  with  reference 
to  the  center  line,  the  ordinates  to  the  shear  polygon  in  Fig.  9,  are  equal  to  the  maximum 
ehears  in  the  panel  to  the  right  of  the  ordinate  as  the  load  moves  off  the  bridge  to  the 
right. 

The  shear  parabola  may  be  drawn  without  the  use  of  the  force  and  equilibrium 
polygons  SB  shown  in  Problem  35,  Chapter  XIII:  At  a  distance  of  a  panel  length  to 
the  left  of  the  left  abutment  lay  off  to  scale  a  load  line  equal  to  one-half  the  total  load 


on  the  truss,  divide  this  load  line  into  ae  many  parts  as  there  are  panels  in  the  truss, 
and  beginning  at  the  top,  which  call  1,  number  the  points  of  division  of  the  load  line 
1,  2,  3,  etc.  Drop  vertical  lines  from  the  panel  points  and  number  them  1,  2,  3,  etc. 
Now  connect  the  numbered  points  in  the  load  line  with  the  point  7,  which  is  under  the 
first  panel  to  the  left  of  the  right  abutment;  and  the  intersection  of  like  numbered  lines 
will  give  points  on  the  shear  parabola.  It  should  be  noted  that  the  line  8-8  is  a  secant 
to  the  parabola  and  not  a  tangent  as  might  be  expected. 

The  dead  load  shear  is  laid  off  positive  downward  in  Fig.  9  to  the  same  scale  as 
the  live  load  shears,  and  the  maxinium  and  minimum  shears  due  to  dead  and  live  loads 
are  added  graphically.  The  stresses  in  the  web  members  are  calculated  graphically 
in  Fig.  9.  For  the  solution  of  tbe  stresses  in  a  Warren  truss  by  graphic  moments,  see 
Problem  35,  Chapter  XIII. 

Resolution  of  the  Shear.— In  Fig.  10  the  stresses  U,  D  and  L  hold  in  equilibrium 
the  external  forces  on  the  left  of  the  section  cutting  these  members.  These  external 
forces  consist  of  a  left  reaction,  R,  at  the  left  abutment  and  a  force  at  2,  equal  to  the 
reaction  of  the  stringer  2-3.    The  resultant,  S,  of  these  two  forces  acts  at  a  point  a 
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little  to  the  left  of  the  left  reaction.  Its  position  may  be  determined  by  moments. 
Referring  to  Fig.  10,  let  the  resultant,  5,  be  replaced  by  the  two  forces  Pi  and  Pj, 
Pi  acting  upwards  at  1  and  Pi  acting  downward  at  3  as  shown.  Now  taking  moments 
about  point  1,  and 

S-a  =  Pz'l  (1) 


Now  the  bending  moment  at  1  equals  Mi,  and 

P,  =  S-a/l  =  Mi/l 
Similarly  by  taking  moments  at  3,  we  have 


(2) 


a  -- 


f 


3     R, 


Now 


5(0  +  0  =  Px'l, 


but       S(o,  ->rt)  =  Mt,        and        Pi  =  Mi/I 
S  =  Pi-Pt  =  Mtll-  Mill 


<3) 
where  S  =  shear  in  panel. 

Having  calculated  the  shear,  S,  and  the  stress  in  the  lower  chord,  L,  for  the  loading 
that  will  give  a  maximum  stress,  the  stress  in  D  may  be  calculated  by  completing  the 
force  polygon  as  in  (6),  Fig.  10. 

Method  of  Shear  Increments* — The  loads  on  a  beam  or  truss  first  produce  shears, 
which  in  turn  produce  bending  stresses  in  the  chords.  In  (a)  Fig.  5  it  will  be  seen 
that  member  C/2I/8  carries  the  shear  in  the  panel  of  JTF,  which  produces  a  stress  of 
—  jTT'sec  B  in  the  member.  The  difference  in  the  stresses  in  UxU^  and  U^Uz  \&  seen 
to  be  the  horizontal  component  of  the  stress  in  (/sLs,  or  the  shear  increment  in  the 
panel.  The  shear  increment  may  be  calculated  as  follows:  The  shear,  in  the  panel 
LiL^  is  ^W  and  may  be  assumed  to  act  a  differential  to  the  right  of  joint  Lj.  Now 
take  moments  about  I^,  and  pass  a  section  cutting  U%U%,  U%Li  and  L2L3  just  to  the 
right  of  L2,  and  cutting  away  the  truss  to  the  left.  Now  the  shear,  5,  represents  the 
resultant  of  the  vertical  forces  to  the  left  of  the  panel.  Then  for  equilibrium  the' 
stress  in  IJ^Uz  will  be  equal  to  the  stress  in  U1U2  found  by  taking  moments  about 
joint  L%y  plus  the  shear  increment  I  =  (S  X,l)/d,  =  ^W-tan  6,  where  I  =  panel  length 
and  d=  depth  of  truss. 

Problems. — For  problems  illustrating  the  principles  discussed  in  this  chapter, 
see  Chapter  XIII. 


CHAPTER  VII. 
Influence  Diagrams. 

Definition. — ^An  influence  diagram  shows  the  variation  at  a  given  point  of  the 
effect  of  a  single  moving  load  occupying  different  positions  on  the  structure.  The 
effect  may  be  the  shear,  the  bending  moment,  or  the  deflection  at  a  point  of  the  struc- 
ture; or  it  may  be  the  shear  in  a  panel,  the  reaction  at  a  support,  or  the  stress  in  a 
member.  A  shear  or  a  moment  influence  diagram  represents  the  shear  or  moment  at  a 
certain  point  or  in  a  certain  member  for  any  position  of  a  moving  load;  while  a  shear 
or  a  moment  diagram  gives  the  shear  or  the  moment  at  all  points  of  the  structure 
for  a  single  position  of  the  loads.  Influence  diagrams  constructed  for  unit  loads  are 
called  unit  influence  diagrams.  A  unit  influence  diagram  will  be  referred  to  in  the 
discussion  which  follows.  An  influence  diagram  is  also  a  diagram  which  gives  the  rate 
of  change  of  shear,  moment,  stress,  etc.,  at  a  point  or  in  a  member  for  a  change  in  an 
external  load.  Shear  diagrams  and  bending  moment  diagrams  are  summation  diagrams, 
while  influence  diagrams  are  derivative  diagrams. 

Influence  Diagrams  for  a  Simple  Beam. — Influence  diagrams  for  reaction,  shear, 
bending  moment  and  deflection  will  be  constructed  for  a  simple  beam. 

Reaction  Influence  Diagram. — In  the  simple  beam  in  (a).  Fig.  1,  the  influence 
diagram  for  the  right  reaction,  (6),  Fig.  1,  will  have  a  unit  height  under  the  right  reac- 


Reaction  Influence  Didgnsms 


Fig.  1. 


tion  and  will  be  the  straight  line  A-3,  with  ordinates  varying  from  unity  at  B  to  zero 
at  A.  For  a  unit  load  at  a  distance  x  from  the  left  support  the  right  reaction  will  be  ys^ 
and  for  a  load  F  the  right  reaction  will  be  P*yB.  The  influence  diagram  for  the  left 
reaction  will  have  a  unit  height  under  the  left  reaction  and  will  be  the  straight  line  1-5, 
with  ordinates  var3ring  from  unity  at  A  to  zero  at  B. 
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The  equation  of  the  line  A-3  is  Rt  =  P-ys  =  P'x/l  and  the  equation  of  the  line 
l-B  IB  Ri  -  P-va  =  P(l  —  x)IL  It  will  be  seen  that  va  +  Vb  -  I  (unity)  for  every 
point  of  the  span. 

The  reaction  for  several  loads  is  the  sum  of  the  reactions  for  the  separate  loads. 

For  a  uniform  load,  (c),  Fig.  1,  the  influence  diagram,  (d),  Fig.  1,  is  the  same  as 
for  concentrated  loads,  (6),  Fig.  1.  The  left  reaction  for  a  differential  length  of  the 
load  will  be  (IRa  =  w-dx-y  =  wydx  =  w  times  the  area  of  the  influence  diagram 
covered  by  the  uniform  load;   and  the  left  reaction  for  a  uniform  load,  w,  extending 

from  xi  to  X2  will  he  Ra  ^  w  I    ydx  =  w  times  the  area  of  the  influence  diagram  cov- 

Jxi 

ered  by  the  uniform  load. 

Shear  Influence  Diagram.— The  shear  influence  diagram  in  (6),  Fig.  2,  gives  the 
shear  at  the  point  2  at  a  distance  a  from  the  left  support  for  a  load  unity  at  a  distance  x 
from  the  left  support.  The  shear  at  any  point  is  the  left  reaction  minus  the  load  to 
the  left  of  the  point.  The  influence  diagram  for  shear  at  the  point  2  consists  of  the 
influence  diagram  for  the  right  reaction  on  the  left  of  the  point  2,  and  the  influence 
diagram  for  the  left  reaction  on  the  right  of  the  point.    With  a  load  unity  at  the  point  2, 
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Fig.  2. 


the  right  reaction  is  a\l  and  the  left  reaction  is  (Z  —  a)\l.  The  shear  at  2  for  a  load 
unity  to  the  left  of  point  2  will  be  the  ordinate  to  the  line  il-3,  while  the  shear  at  point  2 
for  a  load  unity  to  the  right  of  point  2  will  be  the  ordinate  to  the  line  1-5.  The  equa- 
tion of  the  line  A-3  is  y  =  —  x\l,  and  of  the  line  1-J5  is  y'  =  (Z  —  x)\l. 

The  shear  at  2  for  several  loads  is  the  sum  of  the  shears  for  the  separate  loads. 
For  a  uniform  load,  (cZ),  Fig.  2,  the  influence  diagram  is  the  same  as  for  concentrated 
loads,  (6),  Fig.  2.  The  shear  at  point  2  for  a  differential  length  of  load  will  be  dY 
=  W'dx'y  a=  W'ydx  =  w  times  the  area  of  the  influence  diagram  covered  by  the  uni- 
form load;    and  the  shear  for  a  uniform  load,  w,  extending  from  xi  to  xt  will  be 


=  IT   I     ydx  ^ 

Jxi 


w  times  the  area  of  the  influence  diagram  covered  by  the  uniform 
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load.     From,  (d),  Fig.  2  it  will  be  seen  that  to  obtain  maximum  shear  at  any  point  the 
uniform  load  should  cover  the  longer  segment  of  the  beam. 

Moment  Influence  Diagram. — The  moment  influence  diagram  in  (6),  Fig.  3,  gives 
the  moment  at  the  point  2  at  a  distance  a  from  the  left  support,  for  a  load  unity  at  a 
distance  x  from  the  left  support.  For  a  load  to  the  left  of  point  2,  the  bending  moment 
at  point  2  will  be  the  right  reaction  multiplied  by  the  distance  I  —  a.  For  a  load  at  a 
distance  x  from  the  left  support,  where  x  is  less  than  a,  the  equation  of  the  influence 
line  AS  will  be  y  =  x{l  —  a) /I,  with  a  maximum  value  under  the  point  2  of  y  =  a{l— a) /l. 
For  a  load  to  the  right  of  the  point  2  the  bending  moment  at  point  2  will  be  the  left 
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reaction  multiplied  by  the  distance  a.  For  a  load  at  a  distance  x  from  the  left  support, 
where  x  is  greater  than  a,  the  equation  of  the  influence  line  2'-5  will  be  y  =  a(Z  —  x)\l, 
with  a  maximum  value  under  the  point  2  of  y  =  o(Z  —  (i)\l.  The  influence  diagram 
for  any  point,  2,  may  be  calculated  by  placing  a  unit  load  at  point  2,  and  calculating 
the  bending  moment  due  to  the  load  unity.  The  influence  diagram  may  also  be  con- 
structed by  laying  off  the  vertical  line  A-X  =  a,  and  the  vertical  line  jB-3  —  I  —  a  and 
the' influence  diagram  is  the  figure  A-2'-B,  The  moment  at  point  2  for  any  number 
of  loads  will  be  equal  to  the  sum  of  the  products  of  each  load  by  the  intercept  y  under 
the  load. 

For  a  uniform  load,  (d),  Fig.  3,  the  influence  diagram  is  the  same  as  for  concen- 
trated loadS)  (6),  Fig.  3.  The  moment  at  the  point  2  for  a  differential  length  of  load 
will  be  dM  =  w-dx'y  =  wydx  =  to  times  the  area  of  the  influence  diagram  covered  by 
the  uniform  load;  and  the  moment  for  a  uniform  load  extending  from  xi  to  X2  will  be 


M 


=  i£?  I    y'dx  == 


w  times  the  area  of  the  influence  diagram  covered  by  the  uniform 


load.     The  moment  at  point  2  will  be  a  maximum  when  the  uniform  load  covers  the 
entire  span.     For  the  span  fully  loaded  with  the  uniform  load  w^  the  moment  at  point  2 
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will  be  Af  =  10  times  the  area  of  the  influence  diagram  A~2'-B  =  ^wail  —  a).     Where 
a  =  H  the  moment  will  be  ilf  =  JwP. 

Deflection  Influence  Diagram. — The  deflection  influence  diagram  in  (b),  Fig.  4, 
gives  the  deflection  at  point  2  at  a  distanc^e  a  from  the  left  support  for  a  load  unity  at  a 
distance  z  from  the  left  support.    The  equation  of  the  influence  diagram  for  deflection 


Fig.  4.     Deflection  Influence  Diagrams. 


at  the  point  2  will  be  the  equation  of  the  elastic  curve  of  the  beam  with  a  unit  load 
applied  at  the  point  2.  From  Structural  Engineers'  Handbook  (39),  page  537,  the 
equation  of  the  elastic  curve  of  a  simple  beam  with  a  unit  load  at  a  point  2/ at  a  distance  a 
from  the  left  end,  is  for  points  to  the  right  of  point  2. 


a{l  —  a;)  ,  , 


(1) 


and  for  point  to  the  left  of  point  2, 

x{l  —  a) 


2/1  = 


^E'l'l 


(2^a  -  a;«  -  a«) 


(2) 


In  both  equations  (1)  and  (2)  the  deflection  at  point  2  for  a  unit  load  at  the  point  2 
will  be  found  by  substituting  x  =^  a,  and 

ail  —  a) 

_  Q'(^  -  q)' 

ZE'I'l 
If  a  «HthenAi  =  I^I4SE*L 

If  X  and  a  are  interchanged  in  equations  (1)  and  (2),  x  being  a  constant  and  a 
being  a  variable,  the  resulting  equations  will  be  a  deflection  influence  diagram  for  the 
point  3,  at  a  distance  x  from  the  left  support. 

For  any  two  points,  2  and  3,  in  a  beam  therefore  it  follows  that  the  deflection  at 
point  2  for  a  unit  load  at  point  3,  will  be  equal  to  the  deflection  at  point  3  for  a  unit 
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load  at  point  2.    This  is  known  as  Maxwell's  Theorem,  which  will  presently  be  proved 
to  hold  for  all  structures  in  equilibrium. 

For  a  uniform  load  the  deflection  at  point  2  in  (c),  Fig.  4,  for  a  load  wdz  will  be 
Ay  =  wdx'y  =  wydx;   a-nd  the  deflection  at  point  2  for  a  uniform  load  extending 


from  xi  to  Xt  will  be  A 


=  I    w-y 


'dx  =  w  times  the  area  of  the  deflection  influence  dia- 


gram covered  by  the  load. 

Maxwell's  Theorem. — The  general  statement  of  Maxwell's  Theorem  is  "  In  a 
structure  if  a  load  P  be  placed  at  1,  and  the  deflection  Aj  of  the  structure  due  to  the 
load  be  measured  at  2,  (a)  Fig.  5,  then  if  the  load  P  be  placed  at  2,  (6),  and  the  deflec- 
tion Ai  be  measured  at  1,  then  Ai  =  Aj." 


f 


^^. 


*  2 .. i 2^ 


(a)  (b) 

P 

(c)  (d) 


/t^       2  I      A" 


yf   A'    _  ,f   A' 


(e) 


(f) 


Fig.  5. 


Fir%i  Proof. — Let  the  load  P  be  gradually  applied  at  point  (1)  (c),  Pig.  5  and  the 
work  on  the  structure  will  be  PTi  =  JP-  5i,  and  the  deflection  at  2  will  be  Aj.  Then  if  a 
load  P  be  applied  gradually  at  point  2,  the  deflection  at  1  will  be  Ai,  {e)  Fig.  5,  and  the 
work  due  to  both  loads  will  be 


W  =  iP-5i  +  P-Ai  +  iP-5, 


(3) 


Now  in  (d),  Fig.  5,  let  P  be  gradually  applied  at  2,  producing  a  deflection  Ai  at  1; 
and  the  work  on  the  beam  will  be  PTj  =  jP-6j.  Then  if  load  P  be  applied  at  point  1 
in  (/},  Fig.  5,  the  deflection  at  point  2  will  be  As,  and  the  work  due  to  both  loads  will  be 


W  =  \Pb,  +  \P'h2  +  P'A^ 


(4) 


Now  the  work  due  to  both  loads  will  be  independent  of  the  order  of  the  appli- 
cation of  the  loads,  and  equating  (3)  and  (4)  and  solving  gives  Ai  =  A2,  which  proves 
the  theorem. 

Second  Proof  for  MaxwelTs  Theorem  as  Applied  to  a  Beam. — In  (a),  Fig.  6  it  is 
required  to  prove  that  the  deflection  at  point  1  with  a  load  P  at  point  2,  will  be  equal 
to  the  deflection  at  point  2  with  a  load  P  at  point  1.    An  influence  diagram  for  moment 
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for  point  2  is  given  in  (6)  and  an  influence  diagram  for  moment  for  point  1  is  given  in  (c) 
Fig.  6.     Now  the  deflection  of  a  point  in  a  beam  is  given  by  the  genecal  formula 


PL  I'b 


(b)Momnt  Influence  Diagrdm- Point Z 


I 

(c)  Moment  Influence  Didgnam-Point I 

Fig.  6. 


•/o 


M-m-dx 
EI 


(5) 


With  a  load  P  at  point  2,  the  moment  at  a  point  at  a  distance  z  from  the  left  support 
from  (6)  is  M  =  P-wii,  and  the  influence  ordinate  for  deflection  at  point  1,  from  (c)  is 
m  s  mi.    Then  the  deflection  at  point  1  for  a  load  P  at  2  will  be 


^•=1   —El- 


dx 


(6) 


In  a  similar  manner  the  deflection  at  point  2  for  a  load  P  at  1  will  be 

dx 

^  JP.  T 


(7) 


But  the  right-hand  members  of  both  equations  are  equal,  and  Ai  =  As. 


Stress  Influence  Diagram. — A  stress  influence  diagram  for  stresses  in  a  beam  with  a 
constant  moment  of  inertia  due  to  bending  moment  may  be  constructed  by  using  the 
stress  /  =  M-c//  at  any  point  in  place  of  the  bending  moment.  The  stress  influence 
diagram  for  a  beam  is  then  of  the  same  form  as  for  bending  moments  as  given  in  Fig.  3, 
except  that  the  scale  is  changed  to  give  stresses  in  place  of  bending  moments.  The  stress 
influence  diagram  for  stresses  due  to  shear  in  a  beam  with  a  constant  cross  section  may 
be  constructed  as  in  Fig.  2,  by  using  a  scale  that  gives  stresses  in  place  of  shears. 

A  stress  influence  diagram  for  a  truss  may  be  constructed  by  applying  a  load  unity 
at  the  pointy  acting  in  the  required  direction.  The  stresses  in  each  member  due  to  the 
unit  load  will  then  be  the  influence  values,  called  the  U  stresses.  An  algebraic  stress 
influence  diagram  for  point  B  in  the  Pratt  truss  is  given  in  (a),  and  a  graphic  diagram  in 
(b),  Fig.  7;  and  a  graphic  diagram  for  a  horizontal  force  at  the  point  B  in  a  roof  truss  is 
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given  in  Fig.  8.     If  P  is  the  force  at  B  and  S  is  the  stress  in  any  member  due  to  P,  then 

dS 
£/  =  — ,  and  diagrams  in  Fig.  7  and  Fig.  8  are  derivative  diagrams. 


(3)  '''     (b) 

FiQ.  7.  Stbebs  Influence  Diagram. 


H=nb. 


Fio.  8.    Stress  Influence  Diagram. 


Maximiun  Moment  in  the  Loaded  Chord  of  a  Truss  or  in  a  Beam. — Let  Pi  in  Fig.  9 
represent  the  summation  of  the  moving  loads  to  the  left  of  the  panel  point  2',  and  Pj 
represent  the  summation  of  the  loads  to  the  right  of  the  point  2'. 

The  influence  diagram  for  the  point  2'  is  constructed  by  calculating  the  bending 
moment  at  2'  due  to  a  unit  load  =  m  =  a(Jj  —  a)/L  ^  ordinate  2-4,  and  drawing  lines 
1-2  and  2-3.    The  equation  of  the  line  1-2  is, 


yi  =  x(L  -  a)IL 


and  the  equation  of  the  line  2-3  is, 


2/2  =  a(L  —  x)IL 


(8) 


(9) 


when  a:  =  a,  the  two  lines  have  a  common  ordinate  which  is  equal  to  y  =  a{L  —  a)IL. 
When  X  =  L,  the  ordinate  to  1-2  =  L  —  a,  while  when  x  =  0,  the  ordinate  to  2-3  =  a, 
as  is  seen  in  Fig.  9.  This  relation  gives  an  easy  method  for  constructing  an  influence 
diagram  for  moments  at  any  point  in  a  beam  or  truss. 

It  is  required  to  determine  the  criterion  for  maximum  moment  at  the  joint  2\ 
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Firti  Proof, — Now  in  fig.  9,  the  bending  moment  at  point  2f  due  to  the  loads  Pi 
and  Ps,  is 

Af  =  Pi-yi  +  P,-y,  (10) 


Differentiating  equation  (10)  and  solving  for  a  maximum 

dM  =  Pi'dyi  +  Pt'dyt^O 


(11) 


From  equation  (8)  dyi  =  dx(L  —  a)m  and  from  (9)  dyj  =  —  dx-a/L.    Substituting 
the  above  values  of  dyi  and  dyt  in  equation  (11),  there  results 


and 
and 


dM  =  Pidx'(L  -  a)IL  -  Ptdxa/L  =  0 
Pi(L  -a)  -  Pt-a^  0, 

PrL  =  (P|  +  P,)flr, 

Pi/a  =  (Pi  +  P,)/L 


(12) 


Fig.  9.     Moment  Influence  Diagram. 

Second  Proof. — In  Fig.  9  the  bending  moment  at  2'  due  to  the  loads  Pi  and  Pi  is 

M  ^  Pi-yi  +  P2'y2  (13) 

Now  move  the  loads  Pi  and  Ps  a  short  distance  to  the  left,  the  distance  being  assumed 
so  small  that  the  distribution  of  the  loads  will  not  be  changed,  and 

M  +  dM  =  Pi(2/i  -  dyi)  +  Piiyi  +  dyt)  (14) 

Subtracting  (13)  from  (14),  and  placing  dM  -  0,  we  have 
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dM  ^  -  Pi'dyi  +  Pt'dyi  =  0 

L  —  a  a 

But  dyi  =  do;* tan  ai  =  dz — = —  ,  and  dy2  =  dx'tan  at  =  dx-r,  and 

Ij  Li 

L  —  a  a 

dM  =  -  Pi—j—dx  +  P2jdz  =  0 

Jj  Li 

from  which  Pro  -  PiL  +  Pi-a  =  0,  and  (Pi  +  P2)a  =  PiL. 


(15) 


(16) 


and 


Pi/a  =  (Pi  +  P2)IL 


(12) 


From  equation  (12)  it  follows  '^  That  the  maximum  bending  moment  at  point  2' 
occurs  when  the  average  load  on  the  left  of  the  section  is  equal  to  the  average  load  on  the 
entire  span."  The  criterion  will  be  satisfied  for  a  bridge  loaded  with  equal  joint  loads 
when  the  bridge  is  fully  loaded. 

Uniform  Loads, — In  Fig.  9  the  bending  moment  at  2'  due  to  a  uniform  load  oiwdx 
will  be  wydx.  But  ^-dx  is  the  area  of  the  influence  diagram  under  the  uniform  load, 
and  the  bending  moment  at  2'  due  to  a  uniform  load  w  will  be  equal  to  the  area  of  the 
influence  diagram  covered  by  the  load,  multiplied  by  the  load  per  unit  of  length.  For  a 
uniform  load  w  covering  the  entire  span  the  bending  moment  at  2'  will  be  w  times  the 
area  of  the  influence  diagram  l>2-3.  For  maximum  moment  the  span  must  be  fully 
loaded  with  a  uniform  load. 

Maximum  Shear  in  a  Truss. — Let  Pi,  P2  and  Pi,  in  Fig.  10  represent  the  loads  on 
the  left  of  the  panel,  on  the  panel  and  to  the  right  of  the  (m  +  l)8t  panel,  respectively. 
It  is  required  to  find  the  position  of  the  moving  loads  for  a  maximum  shear  in  the  panel. 


-ir ■    ;  I.. — I v-^  -^ 


(b) 


---^^ 


Fig.  10.    Shear  Influence  Diagram. 


The  influence  diagram  for  loads  to  the  left  of  the  panel  and  to  the  right  of  the 
panel  are  constructed  as  in  Fig.  2,  while  the  influence  line  for  the  panel  is  the  line  2-3 
as  shown.  With  a  load  unity  at  2'  the  right  reaction  is  iJj  =  ni'l/n-l  =  m/n,  and  the 
shear  in  the  panel  2'-3',  is  —  m/n.  With  a  load  unity  at  3'  the  left  reaction  is  R\ 
=  (n  —  m  "  l)lln'l  =  {n  —  m  —  l)/n  =  the  shear  in  the  panel  2'-3'.    For  a  load 
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unity  on  the  panel  the  shear  will  vary  from  —  min  at  2'  to  (n  —  wi  —  l)/n  at  3',  as 
given  by  the  influence  line  2-3. 

The  equation  of  the  influence  line  1-2  is 

yi  =  -  xju'l  (18) 

The  equation  of  line  2-3  is 

^2  =  x{ii  —  l)/n-l  —  m  (19) 

The  equation  of  line  3-4  is 

yi  =  (n-l  -  x)/n'l  (20) 

It  is  required  to  determine  the  criterion  for  maximum  shear  in  the  panel  2'-3'. 
First  Proof. — Now  the  total  shear  in  the  panel  is 

S   =    Pl-J/l    +P2-1/2  +  P.-I/8  (21) 

Differentiating  (21)  and  solving  for  a  maximum 

dS  =  Prdyi  +  Pj-dy,  +  Pa-dy,  =  0  (22) 

Now  dyi  =  —  dxjn'lj  dy%  —  dx(n  —  l)/n'Z,  and  dyi  =  —  dx/n-l.  Substituting  values 
of  dyi,  dytf  and  dyz  in  equation  (22),  and  solving 

-  Pi/n-Z  +  P2(n  -  l)ln'l  -  Pz/n-l  =  0 
and 

-  Pi  +  P^in  -  1)  -  p,  =  0  (22)' 

Solving  and  substituting 

P  =  Pi  +  Ps  +  P. 
the  criterion  is 

P2  =  P/n  (23) 

Second  Proof, — The  total  shear  in  the  panel  is 

S  =  -  Pi-t/i  +  P,-2/2  +  Pyyz  (21') 

where  yi  is  negative,  y^  positive  or  negative  and  yz  is  positive.  Now  move  the  loads  a 
short  distance  to  the  left,  the  distance  being  assumed  so  small  that  the  distribution  of 
the  loads  will  not  be  changed,  and 

S  +  dS Pi(j/i  -  dyi)  +  P2(t/2  -  dy2)  +  P«(i/,  +  dyz)  (21") 

Subtracting  (21')  from  (21")  and  solving  for  a  maximum 

dS  =  Pi'dyi  -  Prdy2  +  Pvdyi  =  0 
But 

dy\  =  dx'tan  ai  =  dx/wl 

dy2  =  dx'tan  0^2  =  dx(n  —  l)/n'Z 

dyi  s=  dr-tan  aj  =  dx/u'l 
and  substituting  we  have 

dS  =  Pi'dx/n-l  -  P2-dx(n  -  l)/n-Z  +  Pz-dxln-l  =  0 

Pi  -  Pz{n  -  1)  +  P,  =  0 
and 
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and 


Pi  +  Pi  +  Ps  =  Pt-n 

Pt  =  Pin 


(23) 


From  equation  (23)  it  follows  that  the  maximum  shear  in  the  panel  will  occur 
when  the  average  load  on  the  panel  is  equal  to  the  average  load  on  the  span. 

Uniform  Loads, — As  proved  for  Fig.  2  the  shear  in  the  panel  due  to  a  uniform  load 
is  equal  to  the*  area  of  the  influence  diagram  covered  by  the  load,  multiplied  by  the 
intensity  of  the  uniform  load  per  linear  unit.  From  Fig.  10  it  will  be  seen  that  maximum 
shear  in  the  panel  will  occur  when  the  uniform  load  covers  the  longer  segment  of  the 
truss  and  extends  to  the  point  in  the  panel  where  the  shear  changes  sign  (the  load 
divide),  while  for  minimum  shear  (maximum  negative  shear)  the  shorter  segment  of 
the  truss  should  be  loaded.  For  equal  joint  loads,  load  the  longer  segment  of  the 
truss  for  maximum  shear,  and  load  the  shorter  segment  for  minimum  shear. 

Maximum  Floorbeam  Reaction. — The  loads  on  the  panels  V-2'  and  2'-3'  in  (a) 
Fig.  11,  are  carried  to  the  floorbeam  at  2'  by  stringers  acting  as  simple  beams.  The 
influence  diagram  for  floorbeam  reaction  at  2'  will  then  consist  of  reaction  influence 
diagrams  for  panels  l'-2'  and  2'-3',  respectively,  drawn  as  in  Fig.  1.     The  influence 


Fig.  11.    Floorbeam  Reaction. 


diagram  for  moment  at  the  point  2'  in  a  simple  beam  l'-3'  with  a  span  equal  to  di  +  ds 
is  shown  in  (d)  Fig.  11.  Now  diagram  (d)  differs  from  diagram  (6)  only  in  the  value  of 
the  mid  ordinate  2-4.  Ordinates  to  the  influence  diagram  in  (6)  are  equal  to  ordinates 
at  the  same  point  in  diagram  (d)  multiplied  by  (di  +  d^jdydt.  Therefore  to  ccdctdate 
the  maximum  floorbeam  reaction^  calculate  the  maximum  bending  mom>ent  in  a  simple 
span  equal  to  the  sum  of  the  two  adjacent  panel  lengths,  at  a  point  in  the  simple  beam  corre- 
sponding to  the  panel  point.  The  maximum  moment  multiplied  by  (di  +  dt)ldi'dt  vriU 
be  the  maximum  floorbeam  reaction.  If  the  two  panels  are  equal,  the  maximum  moment 
at  the  center  of  a  beam  equal  to  two  panel  lengths  multiplied  by  two  divided  by  the 
panel  length  (2/d)  will  give  the  maximum  floorbeam  reaction. 
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Maximum  Moment  in  the  Unloaded  Chord  of  a  Throttgh  Warren  Truss. — In 

Fig.  12,  let  Pi  represent  the  summation  of  the  moving  loads  to  the  left  of  the  panel 
4'-6',  Pi  represent  the  summation  of  the  moving  loads  on  the  panel,  and  Pj  represent 
the  summation  of  the  moving  loads  to  the  right  of  the  panel  4'~5'.  The  influence 
diagram  for  the  point  2  is  the  figure  1-4-5-3,  the  lines  1-4  and  5-3  being  the  same  as 
the  lines  1-2  and  2-3,  respectively,  in  Fig.  9,  while  4-5  is  the  influence  line  for  the  panel 
4'-5'.     The  equation  of  line  1-4  is 


L-a 


Fig.  12.    Moment  Influence  Diaqrah. 


j/i  =  x(L  —  a)\L 
The  equation  of  line  5-3  is 

while  the  equation  of  line  4-5  is 

yi  =  x(6/Z  -  alL)  +  (a  -  6)^  -  h)\l 
Now  the  bending  moment  at  2  due  to  the  three  loads  is 

Af  =  Pi-yi  +  Pj-j/j  +  Pa-ya 
Differentiating  (27)  and  solving  for  a  maximum 


Now  from  (24) 
from  (26) 
and  from  (25) 


dU  =  Pi-dyi  +  Frdyt  +  Prdyt  =  0 

dy\  =  dx(L  —  (J^IL^ 

dyt  =  dxib/l  —  a/L), 

dy%  =  —  dx'a/L 


(24) 
(25) 

<26) 


(27) 


(28) 
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Substituting  values  of  dyi^  dyi,  and  dyt  in  equation  (28),  and  solving 

Pi(L  -  a)IL  +  P,{b/l  -  a/L)  -  PyajL  =  0  (29) 

PilL  -  Pi-o-Z  +  Pt'h'L  -  Pt-a-l  -  Pi-al  =  0 
(Pi  +  P2  +  P3)aZ  =  Px'h  L  +  P2-6-L 

Solving  and  placing  P  =  Pi  +  P2  4-  P« 

PIL  =  {Pi-l  +  Prh)la'l  (30) 

Equation  (30)  is  the  criterion  required. 

Maximum  Stresses  in  a  Bridge  with  Inclined  Chords. — The  criteria  for  maximum 
moment  are  as  deduced  in  Fig.  9  and  Fig.  12.  For  maximum  stresses  in  web  members 
the  criterion  is  developed  as  follows.  Required  the  position  of  the  loads  P2  and  P% 
for  a  maximum  stress   in  web  1724',  Fig.  13.     The  stress   in  17*4'  is  equal   to  the 


(<- « ->k-  -  -  ^'  -  ->k- 
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^' 
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Fig.  13. 


moment  about  point  A,  of  the  reaction  and  the  loads  to  the  left  of  the  cut  section  in  the 
panel,  divided  by  the  arm  c.  The  stress  in  web  IJ'A*  will  then  be  a  maximum  when 
the  moment  at  A  is  a  maximum.  To  draw  the  influence  diagram  for  moment  at  the 
point  ii,  calculate  the  bending  moments  about  A  for  a  unit  load  at  2'  ana  a  unit  load 
at  4',  respectively.  With  a  unit  load  at  4'  the  moment  about  point  A  is  line  4-6  = 
(Jj  —  a  —  l)elLf  and  with  a  load  unity  at  2'  the  moment  about  point  A  is  line  7-2 
=»  (L  —  a)elL  —  (a  +  e)  =  —  die  +  L)/L,  a  minus  quantity,  and  the  influence 
diagram  is  the  diagram  1-2-4-5  as  given  in  Fig.  13.  From  Fig.  13  it  will  be  seen  that 
the  maximum  stress  will  occur  in  general  when  load  P2  is  to  the  right  of  the  load  divide 
in  the  panel.    The  maximum  moment  at  A  will  be 


M  =  Pi-yi  +  Pyyt 

From  Fig.  13  it  will  be  seen  that  tan  as  =  e/L,  and  tan  ai  =  —  (e  +  L)/L, 
6 


'.?r 
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The  influence  diagram  in  Fig.  13  may  be  constructed  as  follows. 

Draw  the  horizontal  line  1-5.  At  point  1  erect  a  vertical  line  =  c.  Draw  line 
5-4  to  A'.     Then  draw  A'-l-2.    Also  draw  influence  line  2-4. 

The  equations  of  the  influence  diagrams  are  in  simpler  form  if  the  influence  dia- 
gram is  drawn  as  in  Fig.  14.  Referring  to  Fig.  14,  with  origin  of  coordinates  at  point  A', 
the  equation  of  line  1-2'  is 

yi=  -X  (32) 

The  equation  of  line  2-4'  is 


y2  =  x(e  +  a)ll  -  (e  +  h  +  l)(a  +  e)ll 
The  equation  of  line  1-5  is 

yi  =  x-e/L  —  (e  +  L)elL 
Now  in  Fig.  14  the  moment  at  point  A  for  loads  P2  and  Ps,  will  be 

M  =  P2(yz'  -yt)  +Pryz 
Differentiating  equation  (35),  and  solving  for  a  maximum,  there  results 


(33) 


(34) 


(35) 


Fig.  14. 


Pt'dyz  -  Pi'dyi  +  Pi-dyi  =  0 


(36) 


Now  from  equation  (33),  dyt  =  dx(e  +  a)/ly  and  from  equation  (34)  dyt  =  dxejL, 
Substituting  in  equation  (36),  there  results 
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(37) 


Pt-ell  -  P,(e  +  a)ll  +  Pze/L  =  0 
(P,  +  Pz)IL  =  P2{1  +  ale)/l 
P/L  =  P,(l  +  ale)ll 

which  is  the  criterion  required. 

For  a  bridge  with  parallel  chords  a  =  oo ,  and  the  criterion  is  the  familiar  criterion 
for  maximum  sheat  in  a  panel.  For  a  uniform  load  the  longer  segment  should  be  loaded 
up  to  point  3',  the  load  divide,  for  a  maximum  stress,  while  the  shorter  segment  should 
be  loaded  for  a  minimum  stress  in  UA'. 

By  comparing  Fig.  13  and  Fig.  14  with  Fig.  9  it  will  be  seen  that  the  moment  influ- 
ence diagram  may  be  constructed  by  laying  off  at  the  left  abutment  the  distance  from  the 
left  abutment  to  the  center  of  moments  =  a  in  ^ig.  9,  and  e  in  Fig.  13  and  Fig.  14. 

The  influence  diagram  for  the  maximum  stress  in  the  upper  chord  UiUi  may  be 
constructed  as  in  Fig.  15,  without  calculating  the  moment  due  to  a  unit  load  at  the 
center  of  moments  4'.  It  will  be  noted  that  the  criterion  is  the  same  as  for  moment 
at  a  joint  in  the  loaded  chord  of  a  truss  with  parallel  chords. 

e 
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Fig.  15. 

Minimum  Stresses  in  Vertical  Posts. — The  minimum  stress  in  the  vertical  post  17 j2' 
in  Fig.  13  will  be  tension  and  will  occur  for  the  loading  that  gives  no  stress  in  the  main 
tie  UA'  and  the  counter  Uz2'.  The  dead  load  stress  in  C/i2'  having  been  calculated, 
the  position  of  the  wheels  that  will  make  the  live  load  compression  in  U^i'  equal  the 
dead  load  tension  is  calculated  by  trial,  using  the  influence  diagram  in  Fig.  13. 

Maximum  Stress  in  Web  of  a  Truss  of  Arch  Type. — In  Fig.  16  it  is  required  to  find 
the  position  of  the  loads  Pi,  P^,  Pz  that  will  give  a  maximum  stress  in  the  member 
t/i-4'.  The  center  of  moments  used  in  calculating  the  stress  in  U\-A!  is  at  A,  a  distance  e 
to  the  right  of  the  left  abutment.  The  influence  diagram  is  constructed  as  in  Fig.  16, 
by  lajdng  off  a  distance  e  at  the  left  abutment,  and  by  drawing  l-A'  and  1-5.  Also 
draw  line  3-4.  Then  the  figure  1-3-4-5  is  the  influence  diagram  for  moment  at  the 
point  A,  It  will  be  noted  that  there  is  no  load  divide  in  the  panel  as  in  Fig.  14,  and 
that  all  segments  of  the  span  should  be  loaded  to  give  a  maximum  moment  at  point  A, 

The  equation  of  influence  line  l-A',  with  the  origin  at  point  A'  is 
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yi  =  X 
The  equation  of  line  3-4  is 

t/2  =  x{e  -  a)ll  -  (-  e  +  a  +  l){a  -  e)/J 
The  equation  of  line  1-5  is 

yz  =  x-e/L  —  (L  —  e)e/L 
e 


Chap.  VH. 

(38) 

(39) 
(40) 


Fig.  16.    Shear  Influence  Diagram,  Center  of  Moments  at  A. 

Now  in  Fig.  16  the  moment  at  point  A  for  loads  Pi,  P2,  and  Pj,  will  be 

M  =  Pi(2/3'  -  t/i)  +  P2(y»"  -  2/2)  +  P8-2/8  .  (41) 

Differentiating  equation  (41),  and  solving  for  a  maximum    . 

dU  =  Pi-dy,  -  Pi-dyi  +  Pj-dy,  -  P2-rf2/2  +  Trdyz  =  0  (42) 

Now  dy\  =  (ix,  ^2/2  =  d;x{e  —  a)/Z,  and  dt/g  =  dx-elLy  which  substituted  in  equation  (42) 
gives  after  solving 

Pi-e/L  -  Pi  +  PrelL  -  Piie  -  a)ll  +  Pz-e/L  =  0  (43) 

and 

Pi-e-l  -  Pi'l'L  +  Pi-e-l  +  Pa-a-L  -  Pj-eL  +  Pj-e-/  =  0 

(Pi  +  P2  +  Pa)c-i  =  (Pi-Z  +  P2-C  -  P2-a)L  (44) 

and 

PIL  =  Pi/e  +  P2(e  "a)le'l  (46) 

which  is  the  criterion  required. 

By  comparing  Fig.  14  with  Fig.  16  it  will  be  seen  that  the  criteria  are  the  same 
except  that  all  segments  are  loaded  and  that  e  is  negative. 


CHAPTER  VIII. 
Stresses  in  Railway  Bridge  Trusses. 

LOADS. — The  dead  load  of  a  railway  bridge  is  assumed  to  act  at  the  joints  the 
same  as  in  a  highway  bridge.  The  dead  joipt  loads  are  commonly  assumed  to  act  on 
the  loaded  chord,  but  may  be  assumed  as  divided  between  the  panel  points  of  the  two 
chords,  one-third  and  two-thirds  of  the  dead  loads  usually  being  assumed  as  acting  at 
the  panel  points  of  the  unloaded  and  the  loaded  chords,  respectively. 

The  live  load  on  a  railway  bridge  consists  of  wheel  loads,  the  weights  and  spacing 
of  the  wheels  depending  upon  the  type  of  the  rolling  stock  used.  The  locomotives  and 
cars  differ  so  much  that  it  would  be  difficult  if  not  impossible  to  design  bridges  on  a 
railway  system  for  the  actual  conditions,  and  conventional  systems  of  loading,  which 
approximate  the  actual  conditions  are  assumed.  The  conventional  systems  for  calcu- 
lating the  live  load  stresses  in  railway  bridges  that  have  been  most  favorably  received 
are:  (1)  Cooper's  Conventional  System  of  Wheel  Concentrations;  (2)  the  use  of  an 
Equivalent  Uniform  Load;  and  (3)  the  use  of  a  uniform  load  and  one  or  two  wheel 
concentrations.  In  addition  to  these  some  railroads  specify  special  engine  loadings. 
The  first  and  second  methods  will  be  discussed  in  this  chapter. 

Cooper's  Conventional  System  of  Wheel  Concentrations. — In  Cooper's  loadings 
two  consolidation  locomotives  are  followed  by  a  uniformly  distributed  train  load.  The 
typical  loading  for  Cooper's  Class  E  loadings  are  shown  in  Fig.  1.  The  loads  on  the 
drivers  in  thousands  of  pounds  and  the  uniform  train  load  in  hundreds  of  pounds  are 
the  same  as  the  class  number.  The  wheel  spacings  are  the  same  for  all  classes.  The 
stresses  for  Cooper's  loadings  calculated  for  one  class  may  be  used  to  obtain  the  stresses 
due  to  any  other  class  loading.  For  example,  the  stresses  in  any  truss  due  to  Cooper's 
Class  E  50  are  equal  to  f  of  the  stresses  in  the  same  truss  due  to  Class  E  40  loading. 
The  E  55  and  the  E  60  loadings  are  those  most  used  for  steam  railways  in  the  United 
States.  In  bridges  designed  for  Class  E  40  loading  and  under  the  floor  system  must  in 
addition  be  designed  for  two  moving  loads  of  50,000  lb.  each,  spaced  6'  0''  apart  on 
each  track.  The  corresponding  loads  for  Class  E  50  are  60,000  lb.  with  the  same 
spacing.  The  American  Railway  Engineering  Association  has  adopted  Cooper's 
loadings,  except  that  the  special  loads  are  spaced  7'  0''.  The  values  for  moment,  M, 
shear,  S,  and  floorbeam  reaction,  JR,  for  Class  E  60  are  given  in  Table  I. 

Equivalent  Uniform  Load  System. — The  equivalent  uniform  load  for  calculating 
the  stresses  in  trusses  and  the  bending  moments  in  beams,  is  the  uniform  load  that  will 
produce  the  same  bending  moment  at  the  quarter  points  of  the  truss  or  beam  as  the 
maximum  bending  moment  produced  by  the  wheel  concentrations.  The  equivalent 
uniform  loads  for  different  spans  for  Cooper's  E  40  loading  are  given  in  Fig.  2.  The 
uniform  loadings  for  any  class  are  proportional.  In  calculating  the  stresses  in  the 
truss  members  select  the  equivalent  load  for  the  given  span,  and  calculate  the  chord 
and  web  stresses  by  the  use  of  equal  joint  loads,  as  for  highway  bridges.    In  designing 
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the  stringers  for  bending  moment  take  a  loading  for  a  span  equ&l  to  one  panel  length, 
and  for  the  maximum  floorbeam  reaction  take  a  loading  for  a  span  equal  to  two  panel 
lengths.  It  is  necessary  to  calculate  the  maximum  end  shears  and  the  shears  at  inter- 
mediate paints  by  wheel  concentrations,  or  to  use  equivalent  uniform  loads  calculated 
for  wheel  concentrations. 

Live  load  stresses  calculated  by  the  method  of  equivalent  uniform  loads  are  too 
small  for  the  chords  and  webs  between  the  ends  of  the  truss  and  the  quarter  points,  and 
ore  too  lai^e  between  the  quarter  points.     The  stresses  obtained  for  the  counters  are 
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TABLE  I. 

Maxdium  Moments,  M;  End  Sheabs,  S:  and  Floobbeam  Reactions,  R;  Per 

Rail,  for  Girders. 

Cooper's  E  60  Loading  (A.  R.  E.  A.). 

Loading  Two  E  60  Engines  and  Train  Load  of  6,000  Pounds  per  Foot  or  Special  Loading 
Two  75,000  Pound  Axle  Loads  7  Ft.  C.  to  C. 

Moments  in  Thousands  of  Foot-Pounds.  Shears  and  Floorbeam  Reactions  in  Thousands 
of  Pounds. 

Results  for  One  Rail.  Results  from  Special  Loading  marked*.  A.R.E.A.  Impact  Formula,  (1). 


I 

7 
8 

9 

lO 

II 

12 

13 
H 

IS 
i6 

17 
i8 

19 

20 
21 
22 

23 
H 

26 

27 

28 

29 

30 

31 
32 

33 
34 

35 
36 

37 
38 
39 
40 
41 
42 
43 
44 

45 
40 

47 

48 

49 


Maximum 

Momenta 

M. 


46.9 
56.2 
65.6 
75.0 
844 

93-7 
♦103.0 

120.0 

142.5 

165.0 

187.5 

2IOX> 

232.5 
255.0 

280.0 

309.5 
339.0 

368.5 
398.2 
427.8 

457.5 
487.2 

516.9 

548.3 
582.0 

615.8 
649.3 
683.2 
716.9 
750.6 

784.5 
823.0 

861.6 

900.0 

940.0 

983.4 
1027.0 

1070.4 
III3.9 

"57-4 
1201.1 
1244.4 
1287.9 

1331.4 
1378.3 


Moment 

Impact 

M'. 


♦  46.1 

♦55.1 

♦  64.2 

♦  73.0 

♦  82.0 


* 


90.7 

99.5 

II5.4 
136.6 

157.6 

178.6 

199.3 
220.0 

240.5 

263.2 

290.5 

316.8 

343.3 
369.8 

396.1 

422.3 
448.3 

474-2 
501.5 

530.7 
559.8 
588.5 
617.3 
645.8 
674.2 

702.5 

734-9 
767.0 

798.8 

831.8 

867.7 

903-5 

938.9 
974.2 

1009.4 

1044.4 
1078.9 

1 1 13.4 
1 147.8 

1 184.8 


End 

Shear 

S. 


*37.5 

♦37.5 
38.6 

♦42.2 

♦45.8 

♦48.8 

*5i.i 

♦53.2 

55.4 
57.8 

60.0 
63.8 
67.1 
70.0 
72.6 

75.0 

77-1 

79-1 
80.9 

83.1 

85.2 
87.1 
88.9 
90.6 

92.3 

94-6 

96.6 

98.6 

100.4 

102. 1 

103.8 
105.9 
107.8 
109.7 
111.4 

113. 1 

1 15.2 
1 17.2 
1 19.0 
120.8 

122.5 
124.2 
125.9 
127.5 
129.2 


End 

Shear 

Impact 


♦36.9 
♦36.8 

37.7 
♦41.2 

♦44.5 
♦47.2 

*49.3 
*5i.i 

53.1 
55.2 

57.2 
60.6 
63.5 
66.0 
68.3 

70.3 
72.1 

73.7 

7S.I 
76.9 

78.6 
80.2 
81.6 
82.9 
84.2 

86.0 
87.5 
89.1 

90.S 
91.7 

93.0 
94.6 
96.0 

97.4 
98.6 

99.8 
101.3 
102.8 
104. 1 
105.3 

106.5 
107.7 
108.8 
109.9 
iii.i 


Floorbeam 

Reaction 

R. 


♦37.5 
40.0 

47.1 

56.7 

60.0 

65-5 
70.0 

73.9 
78.2 

82.0 

85.3 
88.2 

91.0 

94.3 
98.3 
10 1. 9 
105.2 
108.2 
I10.9 

I13.5 
1 16.6 
1 20. 1 

123.4 
126.5 

129.4 

132.7 
136.5 

140.0 

143.2 

146.4 

149.3 
152.2 

155.6 
158.8 

162.0 


Floorbeam 
Impact 


Viaduct 
Span 

3o'-6o' 
179.2 


♦36.3 

38.5 
45.0 

49.8 

53-5 
56.3 
61.0 
64.8 
68.0 

71.5 

74.5 
77-1 
79.2 

81.3 

83.7 
86.7 
89.4 

91.7 
93.8 

95.6 

97.3 

99.4 
101.8 

104.0 

106.0 

107.8 
1 10.0 
1 12.5 
II  4.8 
1 16.7 

118.7 
120.4 
122.1 

I2A.2 
120.0 

127.9 


Span 
L. 
FL 


50 

51 
52 

53 
54 

55 
56 

57 
58 
59 
60 
61 
62 

64 

65 
66 

67 
68 

96 

70 
71 
72 
73 
74 

75 
76 
77 
78 

79 
80 
81 
82 

83 
84 

85 
86 

87 
SS 

89 

90 

91 
92 
93 
94 


Maximum 

Momenta 

M. 


1426.3 

1474-7 
1522.8 

1571.O 

162 1. 5 

1675.2 
1728.0 
1781.9 

1834.5 
18914 

1949.4 
2007.5 

2064.3 

2123.4 

2183.3 

2246.3 
2309.3 

2378.3 
2435.4 
2498.4 
2561.3 
2624.5 
2688.0 
2750.9 
2818.5 

2888.6 
2958.0 
3028.6 
3096.6 
3168.2 

3240.7 
33114 

3385.1 
3459.6 

3534.6 

3610.4 
3689.4 
3766.5 
3846.0 
3924.3 

4005.8 
4084.4 
4164.0 
4246.6 
4328.0 


Moment 

Impact 

M'. 


1222.6 
1260.4 
1297.8 

I335.I 
1374.2 

I415.7 
1456.7 

1497.4 

1537.4 
1580.6 

1624.5 
1668.3 
I7IO.8 

1754.9 
1799.4 
1846.3 
1893.0 
1943.2 
1985.3 
2031.2 

2076.8 
2122.2 
2168.0 
2212.5 
2260.7 

23 10.9 
2360.1 
2410.0 
2457.6 
2507.8 

2558.5 
2607.4 
2658.4 
2709.8 
2761.4 

2813.3 
2867.4 
2919.8 

2973.7 
3026.5 

3081.4 

3133.8 
3186.7 
3241.0 

3295.4 


End 

Shear 

S. 


130.8 

I32.S 
1 34. 1 

135-7 
1374 
139.0 
140.6 
142.2 
143.8 

H54 

147-0 
148.6 
150.2 
152.0 
153.8 

155.7 

157.5 
159.6 

161.7 

163.8 

165.8 
167.7 
170.0 
172.2 

174.4 

176.5 
178.6 
180.6 
182.5 
1844 

186.3 
188.4 
190.4 
192.3 
194.2 

196. 1 
198. 1 
200.1 
202.1 
204.0 

205.8 
207.7 
209.7 
211. 6 
213.5 


End 
Shear 
Im 


r* 


II2.I 
II3.2 
1 14.3 
1 15.3 
II6.4 

1 17.5 
1 18.5 
1 19.5 
120.5 
I2I.5 

122.5 

123.5 
124.5 

125.6 

126.8 

128.0 
1 29. 1 

130.5 

13 1.8 
133.2 

134.4 
135.6 

137.1 

138.5 
139.9 

141.2 
142.5 

143.7 
144.8 

146.0 

147.1 
148.4 

149-5 
150.6 

151.7 

152.8 
154.0 
155.1 
156.3 

157-3 
158.3 

159.4 
160.5 

161.5 

162.6 
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TABLE  I.— Continued. 

Maxhcum  Mobcbnts,  M;  End  Shears,  S;  and  Floobbeam  Reactions,  R;  Feb 

Rail,  for  Girdebs. 

Cooper's  E  60  Loading  (A.  R.  E.  A.). 


T 

Ft. 


95 
96 

97 
98 

99 

ICO 
lOI 
102 

103 
104 

106 
107 
108 
109 


Maximum 
Momenta 
<*    M. 


4408.4 

44907 

4573.5 
4659.8 

4743-8 
4830.0 
4916.9 
5004.0 

5115.5 
5212.8 

5306.5 
5401.3 

5499.^ 
5617.0 

5727.6 


Moment 

Impact, 

M'. 


3348.2 
3402.0 
3456.0 

35124 
3566.7 

3622.5 

3678.5 

3734.4 
3808.1 

3870.9 

3930.7 
399I.I 

40534 
4130.I 

4201.I 


End 
'Shear 

S. 


215.4 
217.2 
219.2 
221.2 
223.1 

225.0 
226.8 
228.6 
230.4 
232.3 

234.1 

235.9 
237.7 

2394 
241.2 


End 

Shear 

Impact 

S'. 


163.6 
164.5 
165.6 
160.7 
167.7 

168.8 
169.7 
170.6 
171.5 
172.5 

1734 

174-3 
175.2 

176.0 

176.9 


Floorbeam 

Hnction 

R. 


Viaduct 
Span 

4o'-6o' 
197.2 


Viaduct 
Span 

4o'-8o' 
236.5 


Floorbeam 

Impact 

R'. 


Ft. 


IIO 
III 
112 
113 
114 

"5 
116 

117 

118 

119 

120 
121 
122 
123 
124 

125 


Mazimiim 

Momenta 

M. 


5829.6 

59374 
6040.0 

6148.2 

6258.0 

6366.8 
6478.0 
6586.1 
6696.6 
6808.3 

6921.6 
7030.5 
7143.8 
7260.1 

73764 

7495-2 


Moment 
Impact 


4265.5 

4333-9 
4398.1 

4466.0 

4534-8 

4602.5 

4671.6 

4738.2 

4806.1 

4874.7 

4944.0 
5009.9 

5078.5 
5148.9 

5219.1 
5290.7 


End 

Shear 

S. 


243.0 
244.8 
246.6 
248.3 
250.0 

251.8 
253.6 

255.3 
257.0 

258.8 

260.5 
262.2 
264.0 
265.7 
267.4 

269.1 


End 
Shear 
Impact 
S'. 


77-8 
78.7 

79.5 
80.3 

81.2 

82.0 
82.9 
83.6 

844 
85.3 
86.1 
86.9 
87.7 
884 
89.2 

90.0 


too  large.  The  live  load  stresses  calculated  by  the  method  of  equivalent  uniform  loads 
are  sufficiently  accurate  for  all  practical  purposes.  Even  though  the  equivalent  uni- 
form load  method  is  simple  to  apply  and  gives  sufficiently  accurate  results,  it  is  now 
seldom  used. 

KINDS  OF  STRESS. — The  live  loads  on  a  railway  bridge  produce  stresses  as 
follows: 

(1)  Static  stresses  due  to  the  live  load  in  any  position; 

(2)  Vibratory  stresses  due  to  the  moving  of  the  live  load,  generally  included  in  the 
term  "  Impact"; 

(3)  Horizontal  static  stresses  due  to  centrifugal  forces,  if  the  bridge  is  on  a  curve ; 

(4)  Longitudinal  static  stresses  due  to  the  momentum  of  the  train,  and  the  friction 
on  the  rails  when  the  brakes  are  applied. 

Vibratory  stresses  cannot  be  calculated  with  our  present  knowledge,  but  are  pro- 
vided for  by  taking  a  percentage  of  the  static  live  load  as  "  Impact  Stress,"  or  by 
using  smaller  working  stresses.     Horizontal  and  static  stresses  can  be  calculated. 

IMPACT  STRESSES. — As  a  load  moves  over  the  bridge  it  causes  shocks  and 
vibrations  whereby  the  actual  stresses  are  increased  over  those  due  to  static  loads  alone. 
It  is  shown  in  mechanics  of  materials  that  a  load  suddenly  applied  to  a  bar  or  a  beam 
will  produce  stresses  equal  to  twice  the  stresses  produced  by  the  same  load  gradually 
applied.  A  bridge  is  a  complex  structure  and  it  is  not  possible  to  determine  the  exact 
effect  of  the  moving  loads.  It  has  been  found  by  experiment  that  the  ultimate  strength 
for  repeated  loads  is  much  less  than  the  ordinary  ultimate  strength.  In  a  bridge 
it  will  be  seen  that  the  dead  load  is  a  fixed  load  and  that  the  live  load  is  a  varying 
load. 
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Impact  Formulas. — The  formula  in  most  common  use  is  given  in  the  form 


-'{lTi) 


(1) 


where  I  »  impact  stress  to  be  added  to  the  static  live  load  stress,  S  =  the  static  live 
load  stress,  L  =  the  length  in  feet  of  the  portion  of  the  bridge  that  is  loaded  to  produce 
the  maximum  stress  in  the  member,  and  a  and  b  are  constants  expressed  in  feet.  The 
American  Railway  Engineering  Association  prior  to  1920  specified  for  railway  bridges, 
a  =  6  =  300  ft. 

After  an  extensive  series  of  tests  the  committee  on  Iron  and  Steel  Structures  of  the 
American  Railway  Engineering  Association  has  recommended  the  following  formula 
for  impact  in  railway  bridges. 

30,000 

30,000 +  L«  ^  ^ 

where  L  is  the  length  of  the  span.  This  formula  was  included  in  the  revised  speci- 
fications for  railway  bridges  adopted  by  the  Association  in  1920,  but  the  new  formula 
has  been  adopted  by  very  few  roads  as  yet. 

For  additional  data  on  impact  see  the  author's  "  Structural  Engineers'  Handbook," 
and  "  Design  of  Highway  Bridges  of  Steel,  Timber  and  Concrete." 

CALCULATION  OF  STRESSES  DUE  TO  WHEEL  CONCENTRATIONS.— 

The  maximum  stresses  in  any  member  of  a  truss  may  be  found  by  trail,  that  is,  by 
assuming  a  number  of  positions  of  the  live  load,  calculating  the  stress  for  each  position, 
and  then  comparing  the  results.  This  method  is  long  and  tiresome  and  considerable 
time  may  be  saved  by  the  application  of  certain  simple  criteria,  which  are  developed 
in  Chapter  VII  by  means  of  influence  diagrams.  These  criteria  may  also  be  developed 
by  algebraic  methods. 

MAXIMUM  STRESSES. — The  conditions  of  live  loading  for  maximum  stresses 
in  beams  and  trusses  are  as  follows. 

Uniform  Live  Load  on  Beam  or  Girder. — For  bending  moment  the  span  should  be 
fully  loaded.     For  shear  the  longer  segment  of  the  span  should  be  loaded. 

Equal  Joint  Loads. — For  bending  moment  (chord  stresses)  the  bridge  should  be 
fully  loaded.  For  shear  (web  stresses  in  trusses  with  parallel  chords)  the  longer  seg- 
ment of  the  truss  should  be  loaded  for  maximum  stress,  and  the  shorter  segment  of  the 
truss  should  be  loaded  for  maximum  counter  stress  (minimum  stress). 

Point  of  Maximum  Bending  Moment  in  a  Beam. — The  maximum  bending  moment 
in  a  beam  loaded  with  moving  loads  will  come  under  a  heavy  load  when  this  load  is  as 
far  from  one  end  of  the  beam  as  the  center  of  gravity  of  all  the  moving  loads  then  on 
the  beam  is  from  the  other  end  of  the  beam. 

Wheel  Loads,  Bridge  with  Parallel  Chords. — The  max  mum  bending  moment  at 
any  joint  in  the  loaded  chord  will  occur  when  the  average  load  on  the  left  of  the  section 
is  equal  to  the  average  load  on  the  entire  span. 

The  maximum  bending  moment  at  any  joint  in  the  unloaded  chord  of  a  symmetrical 
Warren  truss  will  occur  when  the  average  load  on  the  entire  span  is  equal  to  the  average 
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load  on  the  left  of  the  section,  one^half  of  the  load  on  the  panel  under  the  joint  being 
considered  as  part  of  the  load  on  the  left  of  the  section. 

The  maximum  shear  in  any  panel  of  a  truss  will  occur  when  the  average  load  on  the 
panel  is  equal  to  the  average  load  on  the  entire  bridge. 

Wheel  Loads,  Bridge  with  Inclined  Chords. — The  criterion  for  maximum  bending 
moment  in  a  bridge  with  vertical  posts  is  the  same  as  for  bridges  with  parallel  chords. 

For  web  members  the  criterion  is  that 

P/L  =  P,(l  +  al€)ll  (3) 

where  P  =  total  load  on  the  bridge; 

P2  =  load  on  the  panel  in  question; 
L  =  span  of  bridge; 
I  =  panel  length; 

a  =  distance  from  left  abutment  to  left  end  of  panel  in  question; 
e  »  distance  from  left  abutment  to  intersection  of  top  chord  section  of  the  panel 
produced  and  the  lower  chord.     (The  intersection  is  to  the  left  and  out- 
side of  the  span.) 

For  the  proof  of  the  above  criteria  see  Chapter  VII. 

For  the  calculation  of  the  stresses  in  truss  bridges  due  to  wheel  loads,  see  problem 
in  Chapter  XIII. 

Moment  Table. — A  moment  table  for  Cooper's  E  60  loading  is  given  in  Table  II. 
The  use  of  the  moment  table  is  explained  in  detail  on  page  74. 


CHAPTER  IX. 
Stresses  in  Portals. 

Introduction. — Portal  bracing  is  frequently  used  for  bracing  the  sides  of  mill 
buildings  and  open  sheds.  Portal  bracing  is  placed  at  the  ends  of  through  bridges  in 
the  planes  of  the  end-posts  to  transfer  the  wind  loads  from  the  upper  lateral  system  to 
the  abutments,  and  also  as  sway  bracing  at  intermediate  posts.  There  are  many  forms 
of  portal  bracing  in  lise,  a  few  of  the  most  common  of  which  are  shown  in  Fig.  1. 


f  e   d  FR 


Fig.  1. 


Portal  bracing  may  be  in  separate  panels  of  mill  buildings  or  may  be  continuous. 
The  colunms  may  be  hinged  or  fixed  at  the  base  in  either  case. 

CASE  I.    STRESSES  IN  SIMPLE  PORTALS:  Columns  Hinged.— The  deflec- 
tions of  the  columns  in  the  portals  shown  in  Fig.  1  are  assumed  to  be  equal  and 

Taking  moments  about  the  foot  of  the  windward  column 

7'  =  -  F  =  R'h/8 
77 
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Having  found  the  external  forces,  the  stresses  in  the  members  may  be  found  by 
either  algebraic  or  graphic  methods. 

Algebraic  Solution. — Portal  (a). — To  obtain  the  stress  in  member  G-C,  (a)  Fig.  1, 
pass  a  section  cutting  G-F,  E-F  and  G-C,  and  take  moments  of  the  external  forces  to 
the  right  of  the  section  about  point  F  as  a  center. 

(^  =  -  ,.     ".\    .  (1) 

(h  —  a)  sm  0 

But  H  =  iRf  and  (h  —  d)  sin  6  =  ^S'cos  6,  Substituting  these  values  in  (1)  we 
have 

G-C  =  -  -^-^  =  -  F-sec  e  (2) 

s-cos  6 

Resolving  at  E  and  F  we  have,  stress  in  E-F  =  0,  and  also  stresses  E-E'  and 
H-E'  =  0. 

The  stress  in  E-E'  may  be  calculated  by  passing  a  section  cutting  H-G,  E'-G 
and  E-E'f  and  taking  moments  of  the  forces  on  the  right  about  point  G.     Then 

M  =  H'h-  V'is'  =  0       .  (3) 

and  stress  in  E-E'  =  0. 

To  obtain  stress  in  G-D,  pass  section  cutting  /f-G,  H-E*  and  G-D,  and  take 
moments  of  the  external  forces  to  the  left  of  the  section  about  point  IT  as  a  center. 

H'h 

{h  —  a)  sin  6 

To  obtain  stress  in  G-F,  pass  a  section  cutting  G-F,  E-F  and  G-C,  and  take 
moments  of  the  external  forces  to  the  right  of  the  section  about  point  C  as  a  center. 

n  ^  a 

To  obtain  stress  in  H-G,  pass  a  section  cutting  H-G,  H-E*  and  G-D,  and  take 
moments  of  the  external  forces  to  the  left  of  the  section  about  the  point  D  as  a  center. 

H'd 
H-G=-j^^  (6) 

The  stress  in  the  windward  post,  A-F,  is  zero  above  and  V  below  the  foot  of  the 
knee  brace  C;  the  stress  in  the  leeward  post  is  zero  above  and  F'  below  the  foot  of  the 
knee  brace  D, 

The  shear  in  the  posts  is  H  below  the  foot  of  the  knee  brace,  and  above  the  foot  of 
the  knee  brace  is  given  by  the  formula 

H'd 

S  =  7 ■;  =  stress  in  H-G  (7) 

h  —  d 

The  maximum  moment  in  the  posts  occurs  at  the  foot  of  the  knee  braces  C  and  D, 
and  is 

M  =  H'd  (8) 

For  the  actual  stresses,  moments  and  shears  in  a  portal  of  this  type,  see  Fig.  2. 
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Portal  (6). — The  stresses  in  portal  (6)  Fig.  1,  are  found  in  the  same  manner  as  in 
portal  (a).  The  graphic  solution  of  a  similar  portal  with  one  more  panel  is  given  in 
Fig.  3,  which  see.     It  should  be  noted  that  all  members  are  stressed  in  portals  (6)  and  (d). 

Portal  (c). — The  stresses  in  portal  (c)  Fig.  1,  may  be  obtained  (1)  by  separating  the 
portal  into  two  separate  portals  with  simple  bracing,  the  stresses  found  by  calculating 
the  separate  simple  portals  with  a  load  =  Jfi  being  combined  algebraically,  to  give  the 
stresses  in  the  portal;  or  (2)  by  assuming  that  the  stresses  are  all  taken  by  the  system 
of  bracing  in  which  the  diagonal  ties  are  in  tension.  The  latter  method  is  the  one 
usually  employed  and  is  the  simpler. 

Maximum  moment,  shear,  and  stresses  in  the  columns  are  given  by  the  same 
formulas  as  in  j[a)  Fig.  1. 

Portal  (c). — In  portal  (e)  Fig.  1,  the  flanges  G-F  and  D-C  are  assumed  to  take  all 
the  bending  moment,  and  the  lattice  web  bracing  is  assumed  to  take  all  the  shear. 
The  maximum  compression  in  the  upper  flange  G-F  occurs  at  F,  and  is 

R{h  -d)  +  H'd 

The  maximum  tension  in  the  upper  flange  G-F  is 

^  '  H'd 

The  maximum  stress  in  the  lower  flange  D-C  is 

maximum  tension  occurring  at  C,  and  maximum  compression  occurring  at  D. 

The  maximum  shear  in  the  portal  strut  is  7,  which  is  assumed  as  taken  equally 
by  the  lattice  members  cut  by  a  section,  as  a-a. 

Maximum  moment,  shear,  and  stresses  in  the  columns  are  given  by  the  same 
formulas  as  in  (a)  Fig.  1. 

Portal  if). — The  maximum  moment  in  the  portal  strut  I-F  in  (/)  Fig.  1,  occurs 
at  It  and  G,  and  is 

Af  =  +i/-;i  -  V-a  (12) 

The  maximum  direct  stress  in  H-G  is  +  ^,  and  in  1-H  is 

H'd 
I-H  =  -  j—^  (13) 

The  maximum  stress  in  G-F  is  given  by  formula  (5). 

The  maximum  shear  in  girder  I-F  is  equal  to  V.  To  calculate  direct  stress  in 
I-Df  take  moments  about  H,  and  stress  I-D  ==(H'h— V'a)'7-a  =  H-h/a  —  V,  The 
stress  in  H-D  is  (H-h/a  -  V  +  V)  sec  d  =  (H-h/a)  sec.  6. 

Portal  strut  I-F  is  designed  as  a  girder  to  take  the  maximum  moment,  shear  and 
direct  stress. 

Maximum  moment,  shear  and  stress  in  the  columns  below  the  knee  brace  are 
given  by  the  same  formulas  as  in  (a)  Fig.  1. 
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Graphic  Solution. — To  make  the  solution  of  the  stresses  statically  determinate, 
replace  the  columns  in  the  portal  with  trussed  framework  as  in  Fig.  2.  The  stresses  in 
the  interior  members  are  not  affected  by  the  change  and  will  be  correctly  given  by 
graphic  resolution. 
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7  =  -  F'  = 


Rh 
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Having  the  calculated  H^  H',  7,  and  7',  the  stresses  are  calculated  by  graphic  resolution 
as  follows:  Beginning  at  the  base  of  the  column  A,  lay  off  A-a  =  /f  =  1,000  lb.  acting 
to  the  right,  and  A-A  =  7  =  3,000  lb.  acting  downward.    Then  a-1  and  4-1  are  the 
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stressee  in  members  o-l  and  4-1,  respectively,  heavy  lines  indicating  compression  and 
light  lines  tension.  At  joint  in  auxiliary  truss  to  right  of  C  the  stress  in  l-o  is  known 
and  stresses  in  1-2  and  2ra  are  found  by  closing  the  polygon.  The  stresses  in  the 
remaining  members  are  found  in  like  manner,  taking  joints  C,  E,  F,  etc.,  in  order,  and 
finally  checking  up  at  the  base  of  the  column  B.  The  full  lines  in  the  stress  diagram 
represent  stresses  in  the  portal;  the  dotted  lines  represent  stresses  in  the  auxiliary 
members  or  stresses  in  members  due  to  auxiliary  members,  and  are  of  no  consequence. 
The  shears  and  moments  are  shown  in  the  diagram. 


Fio.  3. 


Simple  Portal  as  a  Tliree-Hinged  Arch. — In  a  simple  portal  the  resultant  reactions 
and  the  external  load  R  meet  in  a  point  at  the  middle  of  the  top  strut,  and  the  portal 
then  becomes  a  three-hinged  arch  (see  Chapter  XI),  provided  there  is  a  joint  at  that 
point  (point  b.  Fig.  3). 
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In  Fig.  3  the  reactions  were  calculated  graphically  and  the  stresses  in  the  portal 
were  calculated  by  graphic  resolution.  Full  lines  in  the  stress  diagram  represent  re- 
quired stresses  in  the  members.  Stresses  3-2  and  11-12  were  determined  by  dropping 
verticals  from  points  3  and  11  to  the  load  line  4-10. 

CASE  n.  STRESSES  IN  SIMPLE  PORTALS:  Columns  Fixed.— The  calcu- 
lation of  the  stresses  in  a  portal  with  columns  fixed  at  the  base  is  similar  to  the  calculation 
of  stresses  in  a  transverse  bent  with  columns  fixed  at  the  base,  for  which  see  Chapter  X. 
The  point  of  contra-flexure  is  at  the  point 


(14) 


measured  up  from  the  base  of  the  column.    The  point  of  contra-flexure  is  usually  taken 
at  a  point  a  distance  ^d  above  the  bases  of  the  columns. 
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The  stresses  in  a  portal  with  columns  fixed  may  be  calculated  by  considering  the 
columns  hinged  at  the  point  of  6ontra-flexure  and  solving  as  in  Case  1. 

Algebraic  Solution. — In  Fig.  4  we  have 


and 


H  =  H'  =  ifi 


7  =  -  F'  = 


R{h  -  (f/2) 


s 


Having  found  the  reactions  H  and  H',  V  and  V\  the  stresses  in  the  members  are 
found  by  taking  moments  as  in  (a)  Fig.  1,  considering  the  columns  as  hinged  at  the 
point  of  contra-flexure. 
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The  shear  diagram  for  the  oolumns  is  as  shown  in  (a)  and  the  moment  diagram 
as  in  (c)  Fig.  4. 

Anchorage  of  Columns. — In  order  that  the  columns  be  fixed,  the  anchorage  of  each 
column  must  be  capable  of  developing  a  resisting  moment  greater  than  the  overturning 
moment  M  »  —  )H*d,  shown  in  (c)  Fig.  4.    The  anchorage  required  on  the  wind- 
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ward  side  is  a  maximum  and  may  be  calculated  as  follows:  Let  T  be  the  tension  in  the 
windward  anchor  bolt,  2a  be  the  distance  center  to  center  of  anchor  bolts,  and  ,P  be 
the  direct  load  on  the  column.    Taking  moments  about  the  leeward  anchor  bolt  we  have 


2r-a-  (P  -  V)a-\-\H'd  =  0 
T  =  -  H'dl^  +  i(P  -  V) 


(15) 
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If  the  nuts  on  the  anchor  bolts  are  not  screwed  down  tight,  there  will  be  a  tendency 
for  the  column  to  rotate  about  the  leeward  edge  of  the  base  plate,  and  both  anchor  bolts 
will  resist  overturning. 

The  maximum  pressure  on  the  masonry  will  occur  under  the  leeward  edge  of  the 
base  plate  and  will  be 

/  =  WIA  +  M'cll 


where  W 

A 

M 

c 

I 


direct  stress  in  post; 
area  of  base  of  column  in  sq.  in.; 
bending  moment  =  ^H'd; 
one-half  the  length  of  the  base  plate; 

moment  of  inertia  of  the  base  plate  about  an  axis  at  right  angles  to  the 
direction  of  the  wind. 


Graphic  Solution. — The  stresses  in  the  portal  in  Fig.  5  have  been  calculated  by 
graphic  resolution.  This  problem  is  solved  in  the  same  manner  as  the  simple  portal 
with  hinged  columns  in  Fig.  2. 
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Fig.  6. 


STRESSES  IN  CONTINUOUS  PORTALS.— The  portal  with  five  bays  shown 
in  Fig.  6  will  be  considered.  The  columns  will  all  be  assumed  alike  and  the  deformation 
of  the  framework  will  be  neglected.  The  shears  in  the  columns  at  the  base  will  be 
equal,  and  will  be 

H  =  fi/e 

To  find  the  vertical  reactions  proceed  as  follows:  Determine  the  center  of  gravity 
of  the  columns  by  taking  moments  about  the  base  of  one  of  the  columns.  Now  there 
will  be  tension  in  each  one  of  the  columns  on  the  windward  side  and  compression  in  each 
one  of  the  columns  on  the  leeward  side  of  the  center  of  gravity  of  the  columns.  The 
sum  of  the  moments  of  the  reactions  must  be  equal  to  the  moment  of  the  external  wind 
load,  R,  The  reactions  at  the  bases  of  the  columns  will  vary  as  the  distance  from  the 
center  of  gravity  and  their  moments  will  vary  as  the  square  of  the  distance  from  the 
center  of  gravity.  Now  if  a  equals  the  reaction  of  a  column  at  a  unit  distance  from  the 
center  of  gravity,  we  will  have  Fi  =  —  a-di,  Fj  =  —  a'dz,  Fi  «  —  o-da,  F4  =  +  a-d*, 
Fs  =  +  tt'dsi  and  Fe  =  +  a-d^  and  the  moment 
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M  =  a(di«  +  df  +  dj*  +  d^  +  d^^  +  *«)  =  R-h 

dZd^  ^  R'h 
a  =  R'h/Xd^  (16) 

Having  found  a,  the  vertical  reactions  may  be  found. 

Now  having  found  the  external  forces  H  and  V,  the  stresses  can  be  calculated  by 
either  algebraic  or  graphic  methods. 

Stresses  in  a  Double  Portal. — To  illustrate  the  general  problem  the  stresses  in  a 
double  portal  are  calculated  by  graphic  resolution  in  Fig.  7.     In  this  case 
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and 


H  =  H  =  H  ^  R/S  =  1,000  lb. 
V  =  -  y  =  R.hl28  -  2,2501b. 
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The  vertical  reaction  of  the  middle  column  is  zero.  By  substituting  the  dotted 
members  as  shown,  the  stresses  can  be  calculated  as  in  the  case  of  the  simple  portal. 
The  full  lines  represent  stresses  in  the  portal  members.  The  shear  in  the  columns  is 
equal  and  is  H  below,  and  {H'd)l(h  —  d)  above  the  foot  of  the  knee  brace. 

The  maximum  bending  moment  occurs  at  the  foot  of  the  knee  brace  and  is 

M  =  H'd  =  192,000  in-lb. 

Note. — In  calculating  the  stresses  in  a  building  frame  in  Problem  7,  Chapter  XXII, 
the  horizontal  shears  on  the  interior  colunms  are  taken  equal  to  twice  the  shears  on 
the  outside  columns.  This  assumption  is  equivalent  to  the  separation  of  a  continuous 
portal  of  n  panels,  into  n  separate  simple  portals,  each  simple  portal  being  assumed  to 
carry  one  nth  the  total  load;  the  top  member  of  the  continuous  portal  acting  as  a 
strut  to  transmit  the  loads  from  panel  to  panel.  There  will  be  no  vertical  reactions 
except  in  the  outside  columns. 

Problem. — For  the  calculation  of  the  stresses  in  a  portal  by  graphic  resolution 
and  also  by  algebraic  moments,  see  Problem  19,  Chapter  XIII. 


CHAPTER  X. 
Stresses  in  a  Transverse  Bent. 

Introduction. — A  transverse  bent  as  used  in  shop  or  mill  buildings  consists  of  a 
roof  truss  supported  on  two  columns  and  braced  by  diagonal  knee  braces  joining  the  truss 
to  the  columns.  The  transverse  bent  is  not  statically  determinate  but  is  (1)  a  two- 
hinged  arch  if  the  columns  are  free  to  turn  at  the  bases,  or  is  (2)  a  fixed  arch  if  the 
columns  are  fixed  at  the  bases.  The  combination  of  columns  that  take  bending  with  a 
framed  truss  makes  the  calculation  of  the  true  stresses  a  matter  of  considerable  difficulty. 
In  addition,  in  order  to  calculate  the  true  stresses  it  is  necessary  to  have  the  actual 
sizes  of  the  members  of  a  transverse  bent.  In  view  of  the  above  it  has  been  the  custom 
for  designers  to  use  approximate  methods  for  obtaining  the  stresses  in  a  transverse  bent. 
The  methods  given  in  this  chapter  were  proposed  by  the  author  in  the  first  edition  of 
this  book  published  in  1903.  These  methods  have  been  checked  by  the  author  and 
others*  by  calculating  the  true  stresses,  assuming  that  the  transverse  bent  is  a  statically 
indeterminate  structure. 

The  results  obtained  by  the  approximate  methods  given  in  this  chapter  have  been 
shown  to  be  more  accurate  than  for  any  other  method  proposed,  and  to  give  a  safe  and 
satisfactory  design.  The  errors  tend  to  compensate,  and  the  combined  stresses  used 
in  design  are  more  accurate  than  are  the  stresses  obtained  for  dead  and  wind  loads, 
when  considered  separately. 

If  a  flag  pole  carries  a  horizontal  load  at  its  top  as  in  (a),  Fig.  1;  the  load,  P,  will 
be  transferred  to  the  base  of  the  pole  by  means  of  a  shear  P  at  every  section  of  the 
pole,  and  a  bending  moment  Afi  =  P*A  at  the  base  of  the  flag  pole.  There  will  be  no 
vertical  reaction  at  the  base  of  the  flag  pole. 

If  a  rigid  truss  is  supported  on  two  flag  poles  with  identical  sections  as  in  (6),  Fig.  1 ; 
the  load,  P,  will  be  carried  to  the  base  of  the  flag  poles  by  means  of  a  shear  ^P  at  every 
point  in  each  flag  pole,  and  a  bending  moment  at  the  base  of  each  flag  pole  of  Mi  =  Ms 
»  ^P'h,  If  the  truss  is  not  rigid  but  decreases  in  length  the  shear  in  the  windward 
flag  pole  will  be  greater  than  in  the  leeward  flag  pole,  and  the  shears  will  vary  as  the 
deflections  of  the  tops  of  the  flag  poles.  There  will  be  no  vertical  reactions  at  the 
bases  of  the  flag  poles. 

If  the  load  P  is  carried  to  the  bases  of  the  columns  by  means  of  a  transverse  bent 
as  in  (c).  Fig.  I;  with  columns  free  to  turn  at  the  base,  there  will  be  shears  Hi  =  Hi 
=  JP  in  each  column  if  the  truss  is  rigid.  The  vertical  reactions  will  be  equal  but 
opposite  in  direction,  and  will  be  Fi  =  —  Fj  =  P'h/s. 

If  the  load  P  is  carried  to  the  bases  of  the  columns  by  means  of  a  transverse  bent 
as  in  {d)  Fig.  1,  with  columns  fixed  at  the  base,  there  will  be  shears  Hi  and  Ht  in  the 
columns,  moments  Mi  and  Ms  at  the  bases,  and  vertical  reactions  Vi  and  Vi  at  the 

*  "An  investigation  of  the  Stresses  in  the  Transverse  Bent  for  Steel  Mill  Buildings,''  by  C. 
S.  Sperry;  Proceedings  of  the  Colorado  Scientific  Society,  Vol.  XI,  pp.  253-268. 
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bases  in  the  windward  and  leeward  columns,  respectively.  The  moments  in  each 
column  will  vary  from  +  Hi(d  —  y^  at  the  foot  of  the  knee  brace  to  ffi-yo  at  the  base 
of  the  column,  with  a  point  of  contraflexure  at  a  distance  ya  above  the  base  of  the 
column.  The  transverse  bent  in  {d)  is  a  combination  as  ehown  in  (e),  of  a  transverse 
bent  with  columns  free  to  turn  as  in  (c)  and  two  flag  poles  as  in  (it).  The  moment  at 
the  base  of  the  leeward  column  is  equal  to  the  shear  in  the  column  multiplied  by  y^ 
The  vertical  reaction  is  equal  to,  V,  =  P(h  —  yo)/<. 
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If  the  truss  is  not  rigid,  or  the  columns  are  not  of  identical  section  the  shears  will 
not  be  equal. 

The  transverse  bent  with  columns  free  to  turn  as  in  (c).  Fig.  1,  is  a  two-hinged  arch 
and  the  true  stresses  can  only  be  calculated  by  taking  the  deformations  of  the  members 
into  account  as  in  Chapter  XX.  When  the  true  shears  in  the  columns  are  calculated 
as  in  Chapter  XX,  the  problem  becomes  statically  determinate. 

The  transverse  bent  with  columns  fixed  at  the  base  as  in  (rf)  Fig.  1  is  a  fixed  arch. 
This  structure  has  three  redundant  members,  or  three  more  members  than  are  necessary 
for  static  equilibrium.  If  the  two  knee  braces  and  the  middle  panel  in  the  lower  chord 
of  the  truss  be  removed  the  structure  becomes  a  three-hinged  arch,  and  is  statically 
determinate.  The  bending  momenta  M\  and  Mj  and  the  shear  in  one  column  may 
also  be  taken  a.s  the  three  redundant  or  extra  stresses.  If  the  shears  in  the  columns  are 
known  and  the' point  of  contra-flexure  in  each  column  is  known,  the  moments  M\  and  M\ 
can  be  calculated  and  the  structure  in  (cJ)  becomes  statically  determinate. 
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KBTCHUM'S  APPROXIMATB  SOLUTION.  The  foUowing  approximate  solu- 
tion for  the  calculation  of  the  stresses  in  transverse  bents  have  been  generally  used 
since  first  published  in  1903. 

Dead  and  Snow  Load  Stresses. — The  stresses  due  to  the  dead  load  in  the  trusses 
of  a  transverse  bent  are  assumed  to  be  the  same  as  if  the  trusses  were  supported  on  solid 
walls.  The  stresses  in  the  supporting  columns  are  due  to  the  dead  load  of  the  roof  and 
the  part  of  the  side  walls  supported  by  the  columns,  and  are  direct  compressive  stresses 
if  the  columns  are  not  fixed  at  the  top.  If  the  columns  are  fixed  at  the  top  the  deflection 
of  the  truss  will  cause  bending  stress  in  the  columns.  It  is  assumed  that  the  dead  load 
produces  no  stress  in  the  knee  braces  of  a  bent  of  the  type  shown  in  Fig.  2.  The  stresses 
may  be  computed  by  algebraic  or  graphic  methods. 

The  stresses  due  to  snow  load  are  found  in  the  same  way  as  the  dead  load  stresses. 
In  localities  having  a  heavy  fall  of  snow  freezing  and  thawing  often  causes  icicles 
to  form  on  the  eaves  of  sufficient  weight  to  tear  off  the  cornice,  unless  particular  care 
has  been  exercised  in  the  design  of  this  detail. 

Wind  Load  Stresses. — The  analysis  of  the  stresses  in  a  bent  due  to  wind  loads  is 
similar  to  the  analysis  of  the  stresses  in  the  portal  of  a  bridge.  The  external  wdnd  force 
is  taken  (1)  as  horizontal  or  (2)  as  normal  to  all  surfaces.  The  first  is  the  more  common 
assumption,  although  the  second  is  more  nearly  correct.  For  a  comparison  of  the 
stresses  in  a  bent  due  to  the  wind  acting  horizontal  and  normal,  see  Figs.  5,  6,  7  and  8 
and  Table  I.  In  the  discussion  which  immediately  follows,  the  wind  force  will  be  as- 
sumed to  act  horizontally. 

The  magnitude  of  the  wind  stresses  in  the  trusses,  knee  braces  and  columns  will 
depend  (a)  upon  whether  the  bases  of  the  columns  are  fixed  or  free  to  turn,  (6)  upon 
whether  the  columns  are  rigidly  fixed  to  the  truss  at  the  top,  and  (c)  upon  the  knee 
brace  and  truss  connections.  Of  the  numerous  assumptions  that  might  be  made,  only 
two,  the  most  probable,  will  be  considered,  viz. :  (I)  columns  pin-connected  (free  to  turn) 
at  the  base  and  top,  and  (II)  columns  fixed  at  the  base  and  pin-connected  at  the  top. 

Columns  in  mill  buildings  are  usually  fixed  by  means  of  heavy  bases  and  anchor 
bolts.  Where  the  columns  support  heavy  loads  the  dead  load  stress  in  the  columns 
will  assist  somewhat  in  fixing  them.  Where  the  dead  load  stress  plus  algebraically  the 
vertical  component  of  the  wind  stress  in  the  column,  multiplied  by  one-half  the  width 
of  the  base  of  the  column  parallel  to  the  direction  of  the  wind,  is  greater  than  the 
bending  moment  developed  at  the  base  of  the  leeward  column  when  the  columns  are 
considered  as  fixed,  the  columns  will  be  fixed  without  anchor  bolts  (see  Chapter  IX, 
Fig.  4).  In  any  case  the  resultant  moment  is  all  that  will  be  taken  by  the  anchor  bolts. 
The  dead  load  stresses  in  mill  buildings  are  seldom  sufficient  to  give  material  assistance 
in  fixing  the  columns.  Unless  care  is  used  in  anchoring  columns  it  is  best  to  design 
mill  buildings  for  columns  hinged  at  the  base. 

The  general  problem  of  stresses  in  a  transverse  bent  for  Case  I  and  Case  II,  in 
which  the  stresses  and  forces  are  determined  by  algebraic  methods,  will  now  be  con- 
sidered. The  application  of  the  general  problem  will  be  further  explained  by  the 
graphic  solution  of  a  particular  problem. 

ALGEBRAIC  CALCULATION  OF  STRESSES.  Case  I.  Columns  Free  to 
Turn  at  Base  and  Top. — In  Fig.  2,  H  =  W  =  iW  =  horizontal  reaction  at  the  base 
of  the  column  due  to  external  wind  force,  W, 
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F  =  —  F'  =  W'II28  =  vertical  reaction  at  base  of  column  due  to  the  wind 
force,  W. 

The  wind  produces  bending  in  the  columns,  and  also  the  direct  stresses  V  and  V. 
Maximum  bending  occurs  at  the  foot  of  the  knee  brace  and  is  equal  to  (^  —  WT)d  on  the 
windward  side,  and  H''d  on  the  leeward  side.  These  bending  moments  are  the  same 
as  the  bending  moments  in  a  simple  beam  supported  at  both  ends  and  loaded  with 
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a  concentrated  load  at  the  point  of  maximum  moment.  Since  the  maximum  moment 
occurs  at  the  foot  of  the  knee  brace  in  the  leeward  column,  we  will  consider  only  that  side. 
We  will  assume  that  the  leeward  column  (6),  Fig.  2,  acts  as  a  simple  beam  with  reac- 
tions W  and  C  and  a  concentrated  load  B,  as  in  (c).  The  reaction  C  and  load  B  will 
now  be  calculated. 

From  the  fundamental  equation  of  equilibrium,  summation  horizontal  forces  equal 
zero,  we  have 

B  ^W  +  C  (1) 

Taking  moments  about  &,  we  have 


C{h  -d)  =  H'd 
H'd 


C  = 


h-d 


(2) 


The  stresses  K,  U  and  L  can  be  computed  by  means  of  the  following  formulas: 

K  =  B' cosecant  m  (3) 

where  m  =  angle  knee  brace  makes  with  column; 

1/  =  (V  —  /iC-cos  w)  cosecant  n  (4) 

where  n  -  angle  of  pitch  of  roof;  and 

L  =  C+r7-cosn  (5) 

In  calculating  the  corresponding  stresses  on  the  windward  side,  the  wind  com- 
ponents acting  at  the  points  (a),  (&)  and  (c)  must  be  subtracted  from  H,  B  and  C. 
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The  shear  in  the  leeward  column  is  equal  to  H'  below  and  C  above  the  foot  of  the 
knee  brace,  {d)  Fig.  2. 

The  moment  in  the  colunm  is  shown  in  (e),  Fig.  2,  and  is  a  maximum  at  the  foot 
of  the  knee  brace  and  is,  M  =  H'-  d. 

The  maximum  fibre  stress  due  to  wind  moment  and  direct  loading  in  the  columns 
will  occur  at  the  foot  of  the  knee  brace  in  the  leeward  column,  and  will  be  compression 
on  the  inside  and  tension  on  the  outside  fibres,  and  is  given  by  the  formula* 

P  M'C 


A   '   ,      P'h^  (6) 

/  ± 

lOE 

where  /i  »  maximum  fibre  stress  due  to  flexure; 
/2  =  fibre  stress  due  to  direct  load  P; 
A  =  area  of  cross-section  of  column  in  square  inches; 
M  =  bending  moment  in  inch-pounds.  =  H'-d; 
c  s  distance  from  neutral  axis  to  extreme  fibre  of  column  in  inches; 
/  =  Moment  of  Inertia  of  column  about  an  axis  at  right  angles  to  the  direction 

of  the  wind; 
P  B  direct  compression  in  the  column  in  pounds; 
h  —  length  of  the  column  in  inches; 
E  =  the  modulus  of  elasticity  of  steel  =  30,000,000  lb.  per  sq.  in.; 

-rrr=  IS  minus  when  P  is  compression  and  plus  when  P  is  tension. 

The  maximum  compressive  wind  stress  is  added  to  the  direct  dead  and  minimum 
snow  load  compression  and  governs  the  design  of  the  column. 

Having  the  stresses  K,  U,  and  L,  the  remaining  stresses  in  the  truss  can  be  obtained 
by  ordinary  algebraic  or  graphic  methods. 

For  a  simple  graphic  solution  of  the  stresses  in  a  bent  for  Case  I,  in  which  these 
stresses  are  computed  graphically,  see  Fig.  5  for  wind  horizontal,  and  Fig.  7  for  wind 
normal  to  all  surfaces. 

Case  n.  Colimins  Fixed  at  the  Base. — With  columns  fixed  at  the  base  the  columns 
may  be  (1)  hinged  at  the  top,  or  (2)  rigidly  fixed  to  the  truss. 

(1)  Columns  fixed  at  the  hose  and  hinged  at  the  top, — It  will  be  further  assumed  that 
the  deflections  at  the  foot  of  the  knee  brace  and  the  top  of  the  column,  Fig.  3,  are  equal. 

In  Fig.  3  we  have  as  in  Case  I 

H  ^  W  ==^W  -         (7) 

V  and  V  are  not  as  easily  found  as  in  Case  I,  but  will  be  calculated  presently. 

The  leeward  column  will  be  considered  and  will  have  horizontal  external  forces 
acting  on  it  as  shown  in  (c)  Fig.  3.  For  convenience  we  will  consider  the  leeward 
column  as  a  beam  fixed  at  a  and  acted  upon  by  the  horizontal  forces  B  and  C  as  shown 
in  (c)  Fig.  3,  the  deflection  of  the  points  b  and  c  being  equal  by  hypothesis. 

From  the  fundamental  condition  of  equilibrium,  summation  horizontal  forces 
equal  zero,  we  have 

*  This  formula  was  first  deduced  by  Prof.  J.  B.  Johnson.  For  deduction  of  the  formula 
see  Chapter  XII. 
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B  ^  H'  +  C 


(8) 


To  obtain  B  and  C  a  second  equation  is  necessary. 

From  the  theory  of  flexure  we  have  for  the  bending  moment  in  the  column  at 
any  point  y^  where  the  origin  is  taken  at  the  base  of  the  column,  when  y  ^  d 


dy^ 


M  =  E'l-rz  =  B(d  -y)  -  C(h  -  y) 


(9) 


Integrating  (9)  between  the  limits  y  =  0  and  y  =  d,  we  have 
dx      (  B-y^  C-y*  \y  =  d 


(10) 


Now  (10)  equals  E-I  times  the  angular  change  in  the  direction  of  the  neutral 
axis  of  the  column  from  y  ==  o  to  y  =  d. 


External  Forces 
(a) 


Leeward  CoL 

(b) 


Beam 
(c) 


Shear     Moment 
(d)        (e) 


Fig.  3. 


When  y  >:  d,  we  have 


U  = 


(11) 


Integrating  (11)  we  have 


dx 


EI—^  -C-h-y  +  ^C^y^  +  Ft 
ay 


(12) 


Now  (12)  equals  E'l  times  the  change  in  direction  of  the  neutral  axis  of  the  column 
at  any  point  from  y  =  d  to  y  =  h. 

To  determine  constant  F2  in  (12)  we  have  the  condition  that  the  angle  of  slope  at 
y  =  d  must  be  the  same  whether  determined  from  equation  (10)  or  equation  (12). 
Equating  (10)  and  (12)  and  making  y  =  d,  we  have 
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Substituting  this  value  of  F%  in  (12)  we  have 


dx 

El-r^  -  C-A-y +  iC-y*  +  i^-<^  (13) 

ay 


Integrating  (13)  between  the  limits  y  =  d  and  y  =  h,  we  have 

=  h 
d 


(       C'h-y*      C-y*   ,   B'd^'y\y  = 


Now  (14)  equals  EI  times  the  deflection  of  the  column  from  y  =  d  to  y  =  h, 
which  equals  zero  by  hypothesis. 
Solving  (14)  we  have 

C  3d^'h-3d^ 


B  "-  Sh'd"  +  d^  +  2¥ 

Sd" 

*"  2h^  +  2d'h  -  d* 


(15) 


In  a  beam  fixed  at  one  end  there  is  a  point  of  inflection  at  some  point,  between 
y  =  0  and  y  —  d,  where  the  bending  moment  equals  zero.  Now  if  yo  equals  the  value 
of  y  for  the  point  of  inflection,  we  have  from  (9) 

B{d  -  yo)  =  C{h  -  yo) 
and 

Equating  the  second  members  of  equations  (15)  and  (16)  and  solving  for  yo,  we  have 


2/0 


d  /d  +  2h\ 


For  the  derivation  of  this  formula  by  Area  Moments,  see  Chapter  XIV. 
To  find  the  relations  between  2/0  and  d,  substitute  h  in  terms  of  d  in  (17)  and 
solve  for  y©. 
For 

d  =  ^hy  yo  =  5d/8 

d  =  2A/3,         yo  =  id/7 
d  =  h,  2/0  =  id* 

Solving  (8)  and  (15)  for  C,  we  have 

^  '  2   ^(h-  d){h  +  2d)  ^^^^ 

To  find  the  moment  Mb  at  the  base  of  the  leeward  column,  we  have  from  (9) 

Mb'  =  B'd  -  Ch 
*  For  column  fixed  at  top.    If  column  is  pin-<x>nDected  at  top,  yo  ~  h. 
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Substituting  the  value  of  B  given  in  (8)  we  have 

Mb'  =  H'-d  +  Cd  -C'h  '  (19) 

Eliminating  h  and  d  by  means  of  (17)  and  (18)  we  have  finally 

Mft'  =  H'-yo  (20) 

In  like  manner  it  can  be  shown  that  the  moment*  at  the  base  of  the  windward 
column  is 

Mb  =  H-yo  --^  (21) 

where  w  equals  the  wind  load  per  foot  of  height. 

To  find  V,  we  will  take  moments  about  the  leeward  column.     The  moments  Mb' 
and  Mb  at  the  bases  of  the  columns  respectively,  resist  overturning  and  we  have 


=  -r  ={~^  -Mb'  'Mb^ji 


and  since 

F  =  (ffZ-2Hyo+^Va  (22) 

Now  if  |d  is  taken  equal  to  yn,  we  have  after  transposing 

F  =  -  F'  =  (2H  -  wy,)  \--Y^)/l»  (23) 

It  will  be  seen  that  (23)  is  the  same  value  of  V  and  V  that  we  would  obtain  if  the 
bent  were  hinged  at  the  point  of  contra-flexure. 

From  (20)  and  (23)  it  will  be  seen  that  we  may  consider  the  columns  as  hinged  at 
the  point  of  contra-flexure  and  solve  the  problem  as  in  Case  I,  taking  into  account  the 
wind  above  the  point  of  contra-flexure  only.  The  maximum  shear  in  the  column  is 
shown  in  (d)  Fig.  3. 

The  maximum  positive  moment  occurs  at  the  foot  of  the  leeward  knee  brace  and 
is  Mk  =  H{d  —  j/o) ;  the  maximum  negative  moment  occurs  at  the  base  of  the  leeward 
column  and  is  equal  to  Mb   =  H'-yo. 

The  maximum  fibre  stress  occurs  at  the  foot  of  the  knee  brace,  and  is  given  by  the 
formula 

P  M'c 

^=^iW 

The  nomenclature  being  the  same  as  for  (6)  except  h,  which  is  the  distance  in 
inches  from  the  point  of  contra-flexure  to  the  top  of  the  column. 

(2)  Columns  fixed  at  the  base  and  top. — In  this  case  it  can  be  seen  by  inspection 
that  the  point  of  inflection  is  at  a  point  t/o  =  id,  and  we  have  for  this  case 
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B  =  H'  +  C  (25) 

H'-d 
ilffc'*-       =  Mt  (26) 

H'd 

^  =  2ir--7)  ^''^ 

It  is  difficult  to  realize  the  exact  conditions  in  either  (1)  or  (2),  in  Case  II,  and  it 
is  probable  that  when  an  attempt  is  made  to  fix  columns  at  the  base,  the  actual  con- 
ditions lie  some  place  between  (1)  and  (2).  It  would  therefore  seem  reasonable  to 
assume  the  minimum  value,  t/o  =  ^d  as  the  best  value  to  use  in  practice.  This  assump- 
tion is  commonly  made  and  will  be  made  in  the  problems  which  follow. 

Having  the  external  forces  H\  B,  C  and  V\  the  stresses  K,  U  and  L  are  computed 
by  formulas  (3),  (4)  and  (5).  The  remaining  stresses  in  the  truss  can  then  be  com- 
puted by  the  ordinary  algebraic  or  graphic  methods. 

For  a  simple  graphic  solution  of  this  problem,  where  the  external  forces  B  and  C 
are  not  computed,  see  Fig.  6  and  Fig.  8. 

Maximum  Stresses. — It  is  not  probable  that  the  maximum  snow  and  wind  loads 
will  ever  come  on  the  building  at  the  same  time,  and  it  is  therefore  not  necessary  to 
design  the  structure  for  the  sum  of  the  maximum  stresses  due  to  dead  load,  snow  load 
and  wind  load.  A  common  method  is  to  combine  the  dead  load  stresses  with  the  snow 
or  the  wind  load  stresses  that  will  produce  maximum  stresses  in  the  members.  It  is, 
however,  the  practice  of  the  author  to  consider  that  a  heavy  sleet  may  be  on  the  roof 
at  the  time  of  a  heavy  wind,  and  to  design  the  structure  for  the  maximum  stresses 
caused  by  dead  and  snow  load;  dead  load,  minimum  snow  load  and  wind  load;  or  dead 
load  and  wind  load.  It  should  be  noted  that  the  maximum  reversals  occur  when  the 
dead  and  wind  load  are  acting.  For  a  comparison  of  the  stresses  due  to  the  different 
combinations  see  Table  II. 

A  common  method  of  computing  the  stresses  in  a  truss  of  the  Fink  type  for  small 
steel  frame  mill  buildings  is  to  use  an  equivalent  uniform  vertical  dead  load;  the  knee 
braces  and  the  members  affected  directly  by  the  knee  braces  being  designed  according 
to  the  judgment  of  the  engineer.  Tliis  method  is  satisfactory  and  expeditious  when 
used  by  an  exp>erienced  man,  but  like  other  short  cuts  is  dangerous  when  used  by  the 
inexperienced.  For  a  comparison  of  the  stresses  in  a  60-foot  Fink  truss  by  the  exact 
and  the  approximate  method  above,  see  Table  II. 

Stresses  in  End  Framing. — The  external  wind  force  on  an  end  bent  will  be  one- 
half  what  it  would  be  on  an  intermediate  transverse  bent,  and  the  shear  in  the  columns 
may  be  taken  as  equal  to  the  total  external  wind  force  divided  by  the  number  of  columns 
in  the  braced  panels.  The  stresses  in  the  diagonal  rods  in  the  end  framing  will  then  be 
equal  to  the  external  wind  force  H^  divided  by  the  number  of  braced  panels,  multiplied 
by  the  secant  of  the  angle  the  diagonal  rod  makes  with  a  vertical  line.  (For  analysis  of 
portal  bracing  see  Chapter  IX.) 

Bracing  in  the  Upper  Chord  and  Sides. — The  intensity  of  the  wind  pressure  is 
taken  the  same  on  the  ends  as  on  the  sides,  and  the  wind  loads  are  applied  at  the  bracing 
connection  points  along  the  end  rafters  and  the  corner  columns.  The  shear  trans- 
ferred by  each  braced  panel  is  equal  to  the  total  shear  divided  by  the  number  of  braced 
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panels.  The  stresses  in  the  diagonals  in  each  braced  panel  are  computed  by  applying 
wind  loads  at  the  points  above  referred  to,  the  wind  loads  being  equal  to  the  total  wind 
loads  divided  by  the  number  of  panels.  The  stresses  are  computed  as  in  a  cantilever 
truss.  The  bracing  in  the  plane  of  the  lower  chord  is  designed  to  prevent  undue  de- 
flection of  the  end  columns  and  to  brace  the  lower  chords  of  the  trusses.  All  wind  braces 
should  be  designed  for,  say,  5,000  pounds  initial  stress  in  each  member,  and  the  struts 
and  connections  should  be  proportioned  to  take  the  resulting  stresses. 

It  should  be  noted  that  a  mill  building  can  be  braced  so  as  to  be  rigid  without  knee 
braces  if  the  bracing  be  made  sufficiently  strong. 

GRAPHIC  CALCULATION  OF  STRESSES.— Data.— To  illustrate  the  method 
of  calculating  the  stresses  in  a  transverse  bent  by  graphic  methods,  the  following  data 
for  a  transformer  building  similar  to  one  designed  by  the  author  will  be  taken. 

The  building  will  consist  of  a  rigid  steel  frame  covered  with  corrugated  steel  and 
will  have  the  following  dimensions:  Length  of  building,  80'  0";  width  of  building, 
60'  0";  height  of  columns,  20'  0";  pitch  of  truss,  i  (6"  in  12");  total  height  of  building, 
35'  0";  the  trusses  will  be  spaced  16'  0"  center  to  center.  See  Fig.  4.  The  trusses 
will  be  riveted  Fink  trusses.  Purlins  will  be  placed  at  the  panel  points  of  the  trusses 
and  will  be  spaced  for  a  normal  roof  load  of  30  lb.  per  square  foot.  The  roof  covering 
will  consist  of  No.  20  corrugated  steel  with  2|-inch  corrugations,  laid  with  6-inch  end 
laps  and  two  corrugations  side  lap,  with  anti-condensation  lining  (see  Chapter  XXVII). 
The  side  .covering  will  consist  of  an  outside  covering  of  No.  22  corrugated  steel  with 
2)-inch  corrugations,  laid  with  4-inch  end  laps  and  one  corrugation  side  lap;  and  an 
inside  lining  of  No.  24  corrugated  steel  with  l}-inch  corrugations,  laid  with  4-inch  end 
laps  and  one  corrugation  side  lap.  For  additional  warmth  two  layers  of  tar  paper 
will  be  put  inside  of  the  lining.  Three  36-inch  Star  ventilators  placed  on  the  ridge  of 
the  roof  will  be  used  for  ventilation.  The  general  arrangement  of  the  framing  and 
bracing  will  be  as  in  Fig.  1,  Chapter  XXV. 

The  approximate  weight  of  the  roof  per  square  foot  of  horizontal  projection  will  be 
as  follows: 

Trusses 3.6  lb.  per  sq.  ft. 

Purlins  and  Bracing 3.0  "     "     "    " 

Corrugated  Steel 2.4  "     "     "    " 

Roof  Lining LO  "     "     "    " 

Total io.O  "    "     "     " 

The  maximum  snow  load  will  be  taken  at  20  pounds,  and  the  minimum  snow  load 
at  10  pounds  per  square  foot  of  horizontal  projection  of  roof. 

The  wind  load  will  be  taken  at  20  pounds  per  square  foot  on  a  vertical  projection 
for  the  sides  and  ends  of  the  building,  20  pounds  per  square  foot  on  a  vertical  surface 
when  the  wind  is  considered  as  acting  horizontally  on  the  vertical  projection  of  the 
roof,  and  30  pounds  per  square  foot  on  a  vertical  surface  when  the  wind  is  considered 
as  acting  normal  to  the  roof. 

The  stresses  in  an  intermediate-transverse  bent  will  be  calculated  for  the  following: 

Case  1.     Permanent  dead  and  snow  loads. 

Case  2.  A  horizontal  wind  load  of  20  pounds  per  square  foot  on  the  sides  and 
vertical  projections  of  the  roof,  with  the  columns  hinged  at  the  base. 
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Cabb  3.     Same  wind  load  as  in  Case  2,  with  columns  fixed  at  the  base. 

Case  4.  A  horizontal  wind  load  of  20  pounds  per  square  foot  on  the  sides,  and 
the  normal  component  of  a  horizontal  wind  load  of  30  pounds  per  square  foot  on  the 
roof,  with  columns  hinged  at  the  base. 

Case  5.    Same  wind  load  as  in  Case  4,  with  columns  fixed  at  the  base. 

Case  1.  Permanent  Dead  and  Snow  Load  Stresses. — On  account  of  the  limited 
size  of  the  stress  diagram  the  secondary  members  have  been  omitted  and  the  loads 


t 
I 
I 

•o 

I 
I 
I 

^- 

'o 

"vfl 

I 
I 

i. 


m 


I 

•6 

i3 

I 
I 
I 

I 

.L 


Data 

5pon,L,60-0*'  c  toe- 
Length  of  BuiOinq,80'o"cto c- 
Distance  cto c Trusses  J6'0' 
Height  of  Columns  ?0'-0" 
Pilchof  Roofi(6"inl2") 


60-0 


pASE   I 

Dead  Lood  lOlbs  persqfr  hor  projection 
Deed  Lood  Stress  Diagram 
0  2000       4000        6000 

I I r  I 


CompresSKXi 
Tension 


Snow  Load  20  lbs  per  sq  f i  hor  proj 
Snow  Load  Stress  Diognam 

0  40OO        6000       \ZO0O 
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Fio.  4.     Dead  and  Snow  Load  Stress  Diagram. 


applied  as  shown  in  Fig.  4.  The  loads  producing  stresses  in  the  truss  are  laid  off  to 
the  prescribed  scale,  xi-y  being  the  left,  and  y~x%  the  right  reaction.  The  stresses  are 
calculated  as  follows:  Beginning  with  the  left  reaction,  xi-y,  draw  lines  through  xi 
and  y,  parallel  to  the  upper  and  lower  chords  of  the  truss,  respectively,  and  the  line 
a?  1-2  will  represent  the  compressive  stress  in  the  member  Xi-2  and  y-2  will  represent 
the  tensile  stress  in  the  member  t/-2  to  the  scale  of  the  stress  diagram. 

Calculate  the  stresses  in  the  remaining  members  in  like  manner,  being  careful  to 
take  the  members  in  order  around  a  joint  in  completing  any  polygon.  The  indeter- 
minate case  at  the  joint  C/j,  can  be  solved  by  calculating  the  stress  in  5-6  and  substi- 

8 


98 


STRESSES  IN  A  TRANSVERSE  BENT. 


Chap.  X. 


tuting  it  in  the  diagram,  or  by  substituting  an  auxiliary  member  as  shown.  Compres- 
sion and  tension  in  the  truss  and  stress  diagram  in  Fig.  4  are  indicated  by  heavy  and 
light  lines  respectively. 

The  stress  in  each  column  is  equal  to  one-half  the  sum  of  the  vertical  loads,  plus 
the  load  carried  directly  by  the  column. 
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Fig.  5.     Wind  Load  Stress  Diagram,  Case  2. 


Case  2.  VIHnd  Load  Stresses:  '^^^d  Hoiizontal;  Columns  Hinged. — ^The  wind 
will  be  considered  as  acting  at  the  joints,  as  shown  in  Fig.  5.  Replace  the  columns  with 
trusses  as  indicated  by  the  dotted  lines.  This  makes  the  bent  a  two-hinged  arch  (see 
Chapter  XX),  and  the  stresses  will  be  statically  determinate  as  soon  as  the  hori- 
zontal reactions  H  and  H'  at  the  bases  of  the  columns,  have  been  determined.  The 
usual  assumption  in  mill  buildings  and  portals  of  bridges  is  that  H  —  W  =  \W  where 
W  —  the  horizontal  component  of  the  external  wind  force.  To  calculate  V  and  V 
graphically,  produce  the  line  of  resultant  wind  until  it  intersects  a  vertical  line  through 
the  center  of  the  truss,  and  connect  the  intersection  A  with  the  bases  of  the  columns 
B  and  C.  From  A  lay  ofif  jFf  =  /f'  =  JTT,  as  shown  in  Fig.  5,  and  complete  the  tri- 
angles by  drawing  vertical  lines  through  the  ends  of  these  lines.  The  vertical  closing 
lines  will  be  V  =  —  F',  as  shown  in  Fig.  5. 

The  stresses  are  calculated  as  follows:  Beginning  with  the  foot  of  the  column  B, 
lay  off  the  dotted  line  A-B  =  R,    At  B,  lay  off  the  load  a-B  =  2,240  lb.;  through  a 
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draw  a  line  parallel  to  auxiliary  truss  member  a-b,  and  through  A  draw  a  line  parallel 
to  the  column  b-A,  completing  the  polygon  A-B-a-b, 

The  line  a-b  in  the  stress  diagram  will  be  the  compression  in  the  auxiliary  member 
a-b,  and  A-b  will  be  the  tension  in  the  column  A-b.  It  should  be  noted  that  V  is 
equal  to  the  algebraic  sum  of  the  vertical  components  of  the  stresses  in  a-b  and  A-b. 
Next  lay  off  x-a  =  3,200  lb.  and  complete  the  polygon  x-c^-b-a  by  drawing  lines  through 
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Fio.  6.     Wind  Load  Stress  Diagram,  Case  3. 


X  and  b  parallel  to  the  auxiliary  truss  members  x-c  and  b-c  respectively.  In  like  manner 
determine  the  stresses  at  the  foot  of  the  knee  brace  by  constructing  the  polygon  c'-b-A-l ; 
and  at  the  top  of  the  column  by  constructing  the  polygon  a:-x-c'-l-2,  etc.,  until  the 
diagram  is  checked  up  at  C  with  C-A  =  R'.  The  indeterminate  case  at  the  joint  l/j, 
can  be  solved  by  computing  the  stress  in  5-6  (component  due  to  stress  in  6-7),  and 
substituting  it  in  the  diagram,  or  by  substituting  an  auxiliary  member. 

The  stresses  in  the  auxiliary  members  are  represented  by  dotted  lines  and  are  of 
no  value  in  designing  the  bent.  It  should  be  noted  that  the  auxiliary  members  do  not 
affect  the  stresses  in  the  trusses  and  knee  braces,  which  are  correctly  given  in  the  stress 
diagram. 

The  maximum  stress  in  the  knee  brace  A-15  is  compression,  and  occurs  on  the 
leeward  side. 

The  maximum  shear  in  the  leeward  column  below  the  knee  brace  is  H'  =  5,600  lb. ; 
the  maximum  shear  above  the  knee  brace  is  13,100  lb.  The  maximum  moment  occurs 
at  the  foot  of  the  knee  brace  and  is  H'  X  14  X  12  =  940,800  in.Jb. 

Case  3.  Wind  Load  Stresses:  Wind  Horizontal;  Columns  Fixed  at  Base. — ^This 
is  Case  2  with  the  base  of  the  column  hinged  at  the  point  of  contra-flexure.    In  calcu- 
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lating  H  and  Vy  Fig.  6,  the  wind  above  the  point  of  contra-flexure  only  (see  formula  (23)) 
produces  stresses  in  the  bent.  The  value  of  fixing  the  columns  at  the  base  is  seen  by 
comparing  the  stresses  in  Case  2  with  those  in  Case  3,  both  being  drawn  to  the  same 
scale.     Maximum  shear  in  the  leeward  column  below  the  knee  brace  is  W  »  4,480  lb.; 


Wnd  6400  *%  lbs 
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case:  4 

Wind  Load  Stress  Dtoqram 

Wind  Normal.Roof  18  lbs  Slcles20  Ibs-sqft. 
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Fig.  7.     Wind  Load  Stress  Diagram,  Case  4. 

above  the  knee  brace  is  5,230  lb.  The  maximum  positive  moment  occurs  at  the  foot  of 
the  knee  brace  and  the  maximum  negative  moment  occurs  at  the  foot  of  the  column, 
and  is  H'  X  7  X  12  =  376,320  in.-lb. 

Case  4.  Wind  Load  Stresses:  Wind  Normal;  Columns  Hinged. — In  Fig.  7  the 
resultant  of  the  external  wind  forces  on  the  sides  and  the  roof  acts  through  their  inter- 
section, and  is  parallel  to  C-B  in  the  stress  diagram  (line  C-B  is  not  drawn).     To 
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calculate  V  and  V  connect  the  point  of  intersection,  Ay  of  the  resultant  wind  and  the 
vertical  line  through  the  center  of  truss,  with  the  bases  of  the  columns  B  and  C  From 
A  lay  off  one-half  of  resultant  wind  on  each  side,  and  from  the  extreme  ends  drop  vertical 
lines  V  and  7'  to  the  dotted  lines  A-B  and  A-C.  The  vertical  lines  V  and  F'  will 
be  the  vertical  reactions,  the  horizontal  lines  will  be  H  and  H',  and  R  and  R'  will  be  the 
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Fig.  8.     Wind  Load  Stress  Diagram,  Case  5. 


resultants  of  the  horizontal  and  vertical  reactions  at  B  and  C  respectively.  The 
stresses  are  calculated  by  beginning  at  the  base  of  the  column  B  as  in  Case  2.  In  the 
polygon  a-B-A-h  at  B,  A-B  =  R,  a-B  =  2,240  lb.,  and  a-b  and  A-h  are  the  stresses 
in  a-h  and  A-b  respectively. 

The  maximum  shear  in  the  leeward  column  below  the  knee  brace  is  H'  =  5,500  lb., 
above  the  knee  brace  is  12,800  lb.;  the  maximum  moment  occurs  at  the  foot  of  the 
knee  brace  and  is  H'  X  14  X  12  =  924,000  in.-lb. 
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Case  5.    Wind  Load  Stresses:  Wind  Nomial;  Columns  Fixed  at  Base. — ^This  is 

Case  4  with  the  base  of  the  column  moved  up  to  the  point  of  contra-flexure.    The 

maximum  shear  in  the  leeward  column  below  the  knee  brace  is  4,300  lb.,  above  the 

knee  brace  is  5,000  lb.;  the  maximum  positive  moment  occurs  at  the  foot  of  the  knee 

brace  and  the  maximum  negative  moment  occurs  at  the  foot  of  the  column,  and  is 

if'  X  7  X  12  «  361,200  in.-lb.    For  analysis  see  Fig.  8. 

TABLE  I. 


Name  of  Piece. 

Streaaes  in  Lb. 

• 
in  a  Bent  For 

1 

^F^                    ■       V                         ■ 

tf^                   «             a 

Wind  Load. 

Dead  Load 

Snow  Load. 

Case  a. 

CaM3. 

Case  4. 

Caaes. 

X-2 

-|-9»300 

+  18,900 

+ 

3,700 

+ 

2,900 

+  15,400 

+  14,900 

*-3 

+  8,800 

+  17,600 

+ 

4,900 

+ 

4,000 

+  15,400 

+  14,900 

X-6 

+  8,200 

+  16,400 

+ 

400 

+ 

1,400 

+  10,200 

+  11,200 

*-7 

+  7,700 

+  15,400 

+ 

1,400 

+ 

3400 

+  10,200 

+  11,200 

^^ 

+  7,700 

+•15,400 

— 

6,100 

— 

1,900 

-     1,400 

+     2,800 

x-i$ 

+  9,300 

+  18,600 

^~ 

19,800 

^ 

8,600 

-  14,600 

-     3,600 

1-2 

-8,300 

—  16,600 

+ 

5,700 

+ 

2,800 

-   5,100 

—     8,000 

2-3 

+  1,100 

+    2,200 

+ 

A^ 

+ 

500 

+   2,400 

+     2,400 

3-4 

—  1,200 

-     2,400 

— 

6,800 

— 

4,900 

-   8,500 

-     6,700 

4-5 

+  2,200 

+    4,400 

+ 

3,800 

+ 

3,000 

+   7,300 

+    6,600 

S-6 

—  1,200 

-     2,400 

,— 

600 

_ 

600 

—    2,600 

—     2,600 

^7 

+  1,100 

+    2,200 

+ 

500 

+ 

500 

+   2,400 

+    2,400 

5-8 

-  2,400 
-3,600 

-    4,800 

^^^ 

4,300 

— 

3,300 

—   8,200 

-     7,400 

7-8 

-     7,200 

— 

4,900 

— 

3,900 

—  10,800 

—  10,000 

8-9 

-  3,600 

-     7,200 

+ 

7,500 

+ 

3,600 

+   7,400 

+  3,500 

9-12 

+  2,200 

+  4,400 

— 

6,700 

3,200 

-   6,700 

-  3,200 

12-13 

—  1,200 

-  2,400 

+ 

15,200 

+ 

7,400 

+  iA,8oo 
—    6,000 

+  7,000 

y-4 

-7,100 

—  14,200 

+ 

2,400 

+ 

800 

-  7,700 

y-8 

-4,700 

-  7,400 

+ 

6,800 

+ 

4,000 

+    2,200 

-    400 

y-i2 

-7,100 

—  14,200 

+ 

14,200 

+ 

7,700 

+   9,700 

+     2,100 

13-15 

-8,300 

—  16,600 

+ 

4,600 

+ 

3,000 

+      500 

-     1,300 

A-i 

— 

9,000 

~- 

6,200 

-    8,500 

-     6,700 

A-is 

+ 

22,300 

+ 

11,000 

+  21,500 

+  10,400 

A-h 

+  4,800 

+  9,600 

— 

3,200 

— 

2,100 

+    3,400 

+    4,500 

C-i 

+  4,800 

+  9,600 

+ 

1,700 

+ 

1,300 

+    8,000 

+     7,600 

A-17 

+  4,800 

+  9,600 

+ 

3,200 

+ 

2,100 

+    5,300 

+    4,100 

15-16 

+  4,800 

+  9,600 

— 

8,600 

— 

3,800 

-    6,400 

-     2,400 

Maximum  Stresses. — The  stresses  in  the  different  members  of  the  bent  for  the 
different  cases  are  given  in  Table  I.  The  maximum  stresses  in  the  different  members 
of  the  bent  for  (1)  dead  load  plus  maximum  snow  load;  (2)  dead  load  plus  wind  load, 
Case  4;  (3)  dead  load  plus  minimum  snow  load  plus  wind  load,  Case  4;  and  (4)  a  verti- 
cal dead  load  of  40  lb.  per  sq.  ft.  horizontal  projection  of  the  roof  are  given  in  Table  II. 
The  stresses  which  control  the  design  of  the  members  may  be  seen  in  Table  II.  By 
comparing  these  values  with  the  stresses  given  in  the  last  column  the  accuracy  of  the 
equivalent  load  method  can  be  seen. 

Graphic  Calculation  of  Reactions. — ^The  graphic  method  for  calculating  the  reac- 
tions given  in  Fig.  7  and  Fig.  8  may  be  proved  as  follows:  In  Fig.  9  the  intersection 
of  2TF  and  the  center  line  of  the  bent  is  at  A,     Draw  A-B  and  A-C,  lay  off  2 W  so 
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N.WBfP>». 

Uui...mSm^ 

In  U>.  !■  ■  B»t  For 

Dvd  Lewl+  UniE. 

Dud  Laid  +  Wind 

L«d,aiHt. 

DcidLa>d.|.Mii>. 

Snow  Lad  +  Wind 
U>d.  Ci^4. 

Ven.  Dead  Loul  of  40 
lb.p«Sq.F..<rfH«,. 

■onuITroJKIiDn. 

x-z 

-t-i8,2l» 

+  34,700 

+  34.JOO 

+  37,300 

*-i 

+  26,40o 

+  34,300 

+  33.000 

+  3S,300 

x-6 

+  a6.40o 

+  18,400 

+  16,600 

+  33,800 

*-7 

-t-i3."» 

+  17,900 

+  35,600 

+  30,800 

»-9 

+  aj.ioo 

+   6,joo 

+  14,000 

+  30,800 

x-ii 

+  18,K» 

-   5,300 

+    4,000 

+  37.MO 

1-3 

-34,900 

-13,400 

-31.700 

-33.K» 

»-3 

+   J.joo 

+   3.500 

+  4.600 

+   4.400 

J-4 

-   ifioo 

-   9,700 

-10,900 

-   4,800 

4-S 

+   6.600 

+   9.S00 

+  11.700 

+   8,800 

i^ 

-   3.6a> 

-    J,8oo 

-  S.000 

-   4.800 

+    3.3<» 

+   3.S00 

+  4.600 

i^:^ 

S-8 

-     7.300 

—  10,600 

-13,000 

7-8 

—  10.800 

-14,400 

— 18,000 

-14,400 

8-9 

-  10.800 

+   3.800 

+         300 

-14,400 

9-13 

+    6,600 

+  13I600 

-   1,300 

+  8.800 

11-13 

—    3,600 

+  11,400 

-  4.800 

y-4 

-  31. 300 

-  13,100 

-3O,30O 

-38.400 

y-8 

-14,100 

-    2,500 

—   5.300 

-14,800 

y-i3 

-  33.100 

+   3,600 

-.tz 

—38,400 

IJ-IS 

-14,900 

-    7.800 

-33.400 

J-i 

-    8.500 

-  8,500 

A-is 

+  31,500 

-  31,500 

A-h 

+  14^00 

+   8.ioo 

+ 13.000 

+ 19.300 

C-i 

+  14400 

+  13,800 

+  17.600 

+  19.300 

,*-I7 

+  14,400 

+  10,100 

+  •4,900 

+19,200 

iS-i6 

+  14.400 

-    1,600 

+     3.3O0 

+ 19,100 

that  it  is  bisected  by  tbe  point  A,  and  draw  1-2  and  3-4.    Then  1-2  equals  V  and  3-4 
equals  V  as  shown  in  the  following  proof: 
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Proof, — To  calculate  V  take  moments  of  external  forces  about  C,  and 

STF  X  6      4  times  area  triangle  A-A-C 

L        "  Z 

3-4  X  L                   3-4  X  L 
But  area  triangle  A-Ar-C  is  also  equal  to -; ,  and  V  = = =  3-4 

which  proves  the  construction.     It  may  be  proved  in  like  manner  that  1-2  =  V. 

TRANSVERSE    BENT    WITH    VENTILATOR-— The  calculation  of  the  wind 
stresses  in  a  transverse  bent  with  a  monitor  ventilator  is  shown  in  Fig.  10.    The  bents  are 
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spaced  32'  0"  centers  and  are  designed  for  a  horizontal  wind  load  of  20  lb.  per  sq.  ft.,  the 
normal  wind  roof  load  being  obtained  by  Hutton's  formula  as  shown  in  Chapter  XXIV. 
The  point  of  contra-flexure  is  found  by  substituting  in  formula  (17)  to  be  at  a 
point  1^0  =  17.0  ft.  The  external  forces  are  calculated  for  the  bent  above  the  point  of 
contra-flexure  by  multiplying  the  area  supported  at  the  point  by  the  intensity  of  the 
wind  pressure.     For  example,  the  load  at  B  is  32'  X  6.75'  X  20  lb.  =  4,320  lb. 
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The  line  of  application  and  the  amount  of  the  external  wind  load,  ZTF,  are  found 
by  means  of  a  force  and  an  equilibrium  polygon.  XW  acts  through  the  intersection  of 
the  strings  parallel  to  the  rays  0-B  and  0-C,  and  is  equal  to  C-B  (line  C-B  is  not 
drawn  in  force  polygon)  in  amount.  The  reactions  R  and  R'  are  calculated  by  the 
graphic  method  as  previously  described. 

The  calculation  of  stresses  is  begun  at  point  B  in  the  windward  column,  and  in  the 
stress  diagram  the  stresses  at  B  are  found  by  drawing  the  force  polygon  a-B-A-b-a. 
The  remaining  stresses  are  calculated  as  for  a  simple  truss.  In  calculating  the  stresses 
in  the  ventilator  it  was  assumed  that  diagonals  9-10  and  10-12  are  tension  members, 
so  that  9-10  will  not  be  in  action  when  the  wind  is  acting  as  shown.  Before  solving  the 
stresses  at  the  joint  &-7-9  it  was  necessary  to  calculate  the  stresses  in  members  i-11, 
10-11,  and  9-A.  The  remainder  of  the  solution  offers  no  difficulty  to  one  familiar  with 
the  principles  of  graphic  statics. 

The  stress  in  post  h-A  is  equal  to  F,  while  the  stress  in  1-c  is  found  by  extending 
1-c  to  c'  in  the  stress  diagram,  c'  being  a  point  on  the  load  line.  The  stress  in  post 
n-A  is  equal  to  F',  while  the  stress  in  19-m  is  found  by  extending  19-m  to  m'  in  the 
stress  diagram,  m'  being  a  point  on  the  horizontal  line  drawn  through  C  The  kind  of 
stress  in  the  different  members  is  shown  by  the  weight  of  lines  in  the  bent  diagram  and 
in  the  stress  diagram,  light  lines  indicating  tension  and  heavy  lines  indicating  com- 
pression. 

TRANSVERSE  BENT  WITH  SIDE  SHEDS.— Transverse  bents  with  side 
sheds  are  quite  often  used  in  the  design  of  shops  and  mills.  The  calculation  of  the 
stresses  due  to  wind  load  in  a  bent  of  this  type  is  an  interesting  application  of  the  author's 
graphic  solution  of  stresses  in  transverse  bents. 

It  is  required  to  calculate  the  stresses  due  to  a  horizontal  wind  load  of  30  lb.  per 
square  foot  on  the  sides  and  the  normal  component  of  30  lb.  (Hutton's  formula)  on  the 
roof,  the  bents  being  spaced  20'  0"  centers,  as  in  Fig.  11.  The  loads  are  calculated, 
and  by  means  of  a  force  polygon  in  (d)  and  an  equilibrium  polygon  in  (a)  the  resultant 
wind  XW  is  found  to  pass  through  point  E,  and  to  be  equal  to  30,800  lb. 

Calculation  of  Reactions. — The  horizontal  shear  of  25,400  lb.  will  be  taken  by  the 
columns  in  proportion  to  their  rigidities — in  this  case  the  rigidities  of  the  columns  are 
assumed  equal  and  the  shear  at  the  foot  of  each  column  will  be  6,350  lb.  The  vertical 
reactions  will  be  due  to  two  forces:  (1)  a  vertical  load  of  17,200  lb.,  which  will  be  taken 
equally  by  the  four  columns,  making  a  load  of  4,300  lb.  on  each;  and  (2)  to  a  bending 
moment  of  25,400  lb.  X  9.2  ft.  =  233,680  ft.-lb.  (the  bending  moment  about  C.  G. 
is  also  equal  to  30,800  lb.  X  7.6  ft.),  which  will  be  resisted  by  the  columns  and  will 
cause  reactions  var3ring  as  the  distance  from  the  center  of  gravity  of  the  columns, 
(E),  as  in  the  case  of  the  continuous  portal,  Chapter  IX. 

Let  Vi,  Vi\  Vi,  and  v^  represent  the  reactions  due  to  moment  in  the  columns, 
respectively;  then  if  a  is  the  reaction  on  a  column  at  a  units  distance  from  the  center 
of  gravity  we  will  have  vi  =^  —  a 40,  vt  =  —a 20,  vi  '^  +  a 20,  and  v/  =  +  a 40. 
The  resisting  moment  of  each  column  will  be  equal  to  the  reaction  multiplied  by  the 
distance  from  the  center  of  gravity,  and  a  40*  +  a  20«  +  a  20*  +  a  40*  =  233,680  ft.-lb. 
from  which  a  =  58.42  lb.  and  »/  =  -  2,340  lb.;  Vi'  =  -  1,170  lb.;  »,'  =  +  1,170  lb.; 
»/  =  +  2,340  lb. 
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Now  adding  the  reactions  due  to  (1)  and  (2)  we  have 

Fi  =  4,300  -  2,340  =  +1,960  lb., 

7,  =  4,300  -  1,170  =  +  3,130  lb., 

Vz  =  4,300  +  1,170  =  +  5,470  lb., 

,    V4  =  4,300  +  2,340  =  +  6,640  lb. 

Combining  the  horizontal  and  vertical  reactions  we  have  Ri  »  ai-A  —  6,600  lb.; 
R^  =  A-B  =  7,200  lb.;  i2,  =  B-C  =  8,400  lb.;  ^4  =  C-D  =  9,100  lb.  These  reac- 
tions close  the  force  polygon  in  (d). 

Calculation  of  Stresses. — Auxiliary  members  are  substituted  as  shown  by  the 
broken  lines.  It  will  be  seen  that  these  members  are  arranged  so  that  all  bending  is 
removed  from  the  columns  and  that  the  stresses  in  the  truss  members  are  correctly 
given  in  the  stress  diagram.  The  calculation  is  started  at  point  A  at  the  foot  of  the 
left-hand  column  as  in  the  case  of  the  simple  transverse  bent,  and  reactions  Ri  and  Rt 
are  substituted  as  the  calculation  progresses,  the  stress  diagram  finally  closing  at  the 
base  of  the  leeward  column,  point  D.  The  stresses  are  given  on  the  members  in  (o). 
The  direct  stresses  in  the  columns  are,  easily  found  by  algebraic  resolution  beginning  at 
the  foot  of  the  columns  where  the  direct  stress  is  equal  to  Fi,  ^2,  Vj  and  F4,  respectively. 
The  stresses  in  the  leeward  side  of  the  main  truss  are  very  large  due  to  the  small  depth 
of  truss  in  line  of  the  member  29-30. 

Moment  and  Shear  in  Columns. — The  bending  moment  in  the  main  leeward 
column  is  shown  in  (6),  the  maximum  moment  is  at  the  foot  of  the  knee  brace  and  is 
Ml  B  274,500  ft.-lb.  The  shear  diagram  is  shown  in  (c),  the  maximum  shear  is  between 
the  foot  of  the  knee  brace  and  the  top  of  the  column  and  is  Sq  »=  45,750  lb. 

Note, — The  stresses  in  a  bent  with  side  sheds  obtained  by  the  preceding  method 
are  approximate  for  the  reason  that  the  assumed  conditions  are  probably  never  entirely 
realized.  In  the  exact  calculation  of  the  stresses,  of  which  the  above  solution  is  the 
first  approximation,  the  deformation  of  the  framework  is  considered  in  a  manner  similar 
to  that  of  the  two-hinged  arch  in  Chapter  XX.  The  approximate  solution  is  entirely 
adequate  for  all  practical  purposes.  In  designing  a  transverse  bent  with  side  sheds  it 
would  be  better  to  omit  the  knee  braces  in  the  side  sheds;  in  which  case  the  shear 
will  all  be  taken  by  the  main  columns. 

STRESSES  IN  MILL  BUILDING  COLUMNS  CARRYING  CRANE  LOADS.— 

The  stresses  produced  in  columns  of  mill  buildings  by  crane  loads  eccentrically  applied 
depend  upon  the  method  used  in  bracing  the  structure  jigainst  lateral  forces.  If  the 
knee  braces  are  omitted  or  only  very  small  knee  braces  are  used,  the  columns  are 
practically  hinged  at  the  top  and  the  lateral  thrust  due  to  the  eccentric  crane  loads 
must  be  carried  to  the  ends  of  the  building  by  the  lateral  bracing  in  the  planes  of  the 
chords  of  the  trusses.     Proper  bracing  must  then  be  provided  in  the  end  bents. 

If  rigid  knee  braces  are  provided  the  columns  may  be  considered  as  fixed  at  the 
top  and  a  transverse  bent  may  be  considered  as  carrying  its  load  directly  to  the  founda- 
tions. The  lateral  load  will  in  reality  be  distributed  between  the  direct  path  down 
the  columns  and  the  indirect  path  along  the  lateral  bracing  in  the  planes  of  the  chords 
to  the  end  bents.  The  portion  carried  by  each  route  will  depend  upon  the  relative 
rigidity  of  the  routes.  Since  the  transverse  bent  is  much  more  rigid  than  the  lateral 
bracing,  all  of  the  load  may  be  considered  as  carried  by  the  transverse  bent. 


TRANSVERSE  BENT  WITH  SIDE  SHEDS. 
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In  Fig.  12  three  cases  are  considered. 

Case  1.  Columns  Hinged  at  Base  and  Top. — This  case  is  statically  determinate. 
The  lateral  thrust  is  taken  by  the  bracing  in  the  plane  of  the  chords  and  by  the  bracing 
in  the  end  bents. 

Case  2.  Columns  Hinged  at  Base  and  Fixed  at  Top. — Columns  with  constant 
cross-section. — The  formulas  for  rigid  frames,  Fig.  15,  Chapter  XVII,  were  used,  mak- 
ing the  ratio  of  the  moment  of  inertia  of  the  truss  to  the  moment  of  inertia  of  the  column 
equal  to  infinity.  The  formula  is  sufficiently  accurate  when  this  ratio  becomes  as 
small  as  four,  and  is  on  the  safe  side.  The  distance  h  is  measured  to  a  point  one-half 
way  between  the  foot  of  the  knee-brace  and  the  top  of  the  column. 
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Fig.  12. 


Case  3.  Columns  Hinged  at  the  Base  and  Fixed  at  Top.  Colunms  with  variable 
cross-sections. — In  this  case  the  column  has  a  different  cross-section  above  and  below 
the  attachment  of  the  crane  girder.  The  formulas  for  rigid  frames  were  used,  making 
the  ratio  of  the  moment  of  inertia  of  the  truss  to  the  moment  of  inertia  of  the  column 
equal  to  infinity.  The  formula  is  sufficiently  accurate  with  a  ratio  of  four,  and  is  on 
the  safe  side. 

Case  4.  Colunms  Fixed  at  Base  and  Fixed  at  Top. — Formulas  for  Case  2  and 
Case  3  may  be  used,  the  value  of  h  being  taken  as  the  distance  from  the  point  of  contra- 
fiexure  to  a  point  midway  between  the  foot  of  the  knee  brace  and  the  top  of  the  column. 
The  point  of  contra-fiexure  may  be  calculated  by  formula  (17). 


CHAPTER  XI. 
Stresses  in  Three-hinged  Arch. 

Introdttctioii. — ^An  arch  is  a  structure  in  which  the  reactions  are  inclined  for  vertical 
loads.  Arches  are  divided,  according  to  the  number  of  hinges,  into  three-hinged 
arches,  two-hinged  arches,  one-hinged  arches,  and  archea  without  hinges  or  continuous 
arches.  Three-hinged  arches  are  in  common  use  for  exposition  buildings,  train  sheds 
and  other  similar  structures.  Two-hinged  arches  are  used  for  steel  frame  buildings 
and  long  span  bridges;  continuous  arches  are  used  only  in  dome  construction. 

A  tnree-hinged  arch  is  made  up  of  two  simple  beams  or  trusses.  Trussed  three- 
hinged  arches,  only,  will  be  considered  in  this  chapter,  and  trussed  two-hinged  arches 
in  Chapter  XX. 

CALCULATION  OF  STRESSES.— The  reactions  for  a  three-hinged  arch  can  be 
calculated  by  means  of  simple  statics  with  slightly  more  work  than  that  necessary  to 
obtain  the  reactions  in  simple  trusses.  Having  determined  the  reactions  the  stresses 
may  be  calculated  by  the  ordinary  algebraic  and  graphic  methods  used  in  the  solution 
of  the  stresses  in  simple  roof  trusses. 

Calculatioii  of  Reactions.  Algebraic  Method. — Let  H  and  7,  H'  and  V  be  the 
horizontal  and  vertical  reactions  at  the  left  and  right  supports  for  a  concentrated  load  P, 
placed  at  a  distance  x  from  the  center  hinge  C  in  the  three-hinged  arch  in  Fig.  1. 


Fig.  1. 


From  the  three  fundamental  equations  of  equilibrium 

2)  horizontal  components  of  forces        =  0 
2)  vertical  components  of  forces  =  0 

S  moments  of  forces  about  any  point  =  0 
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we  have 
and 


H  ^W 

V  +T  =  P 


Taking  moments  about  B,  we  have 

V'l  -P{\l  +  x)  =0 

and  taking  moments  about  center  hinge  C,  we  have 

\V'l  -  H'h  -  P'X  =  0 
Solving  (6)  we  have 


and 


V  =  j{il  +  x) 


•  F'  =  P  -  7  =  Y  (iZ  -  X) 


(4) 
(5) 

(6) 

(7) 
(8) 


Substituting  (7)  in  (8),  we  have 


H  =  W=-{il-x) 


(9) 


(10) 


The  horizontal  reactions  at  the  crown  are  the  same  as  at  the  supports.     Reactions 
for  an  inclined  load  may  be  found  by  substituting  the  proper  moment  arms. 

Calculation  of  Reactions.    Graphic  Method. — Let  P,  Fig.  2,  be  the  resultant  of  all 
the  loads  on  the  left  segment.     Since  there  is  no  bending  moment  at  hinge  C,  the  line 


Fig.  2. 

of  action  of  the  reaction  R2  must  pass  through  the  hinge  at  the  crown.  This  determines 
the  direction  of  reaction  R2,  and  since  the  three  external  forces  i2i,  Rzy  and  P  produce 
equilibrium  in  the  structure  they  must  meet  in  a  point.  Therefore  to  find  the  direction 
of  Ri  produce  B-C  to  d  and  join  d  and  A. 


CALCULATION  OF  STRESSES. 


Ill 


The  values  of  Ri  and  Bt  may  then  be  obtained  from  the  force  polygon. 

The  reactions  due  to  loads  on  the  right  segment  may  be  found  in  the  same  manner. 
The  two  operations  may  be  combined  in  one  as  illustrated  in  the  solution  of  the  dead 
load  stresses  in  a  three-hinged  arch,  Fig.  3. 


r-?-^-:r^?:~'-f~: 


P4  4^^^ 


DEAD    LOAD 


Force  Fblygon  / 


*    J  ^       Pa\ 


>^^    ""y 


Scs/a  of  Stresses 
Fig.  3. 


8000     IB 000    \\ '  yj  V»l 


Calctilation  of  Dead  Load  Stresses. — To  find  the  reactions  for  the  dead  loads  in 
Fig.  3,  the  loads  are  laid  off  on  the  load  line  of  the  force  polygon  in  order,  beginning  at 
the  left  reaction  A,  and  two  equilibrium  polygons,  one  for  each  segment,  are  drawn 
using  the  same  force  polygon.  The  vertical  reactions  at  the  crown,  Vc^  and  at  abut- 
ments. Fa  and  Pb,  are  found  by  drawing  a  line  through  pole  0  of  the  force  polygon 
parallel  to  the  closing  lines  of  the  equOibrium  polygons.    The  load  Fc  at  the  crown 
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causes  reactions  Ri  and  Rt,  and  combining  reactions  Ri  and  Pa  at  A,  and  Rt  and  Pb 
at  B,  we  have  the  true  reactions  Ri  and  Rt. 

Having  obtained  the  reactions,  the  stresses  in  the  members  are  found  in  the  same 
manner  as  in  simple  trusses.  In  Fig.  3  the  stresses  in  the  left  segment  are  calculated 
by  graphic  resolution.  The  diagram  is  begun  with  the  left  reaction  x-y  »  Ri.  Where 
the  dead  load  is  symmetrical  a  stress  diagram  need  only  be  drawn  for  one  segment. 


0       WOO    POOO   3(HHf 

I I 1  I 

Scale  of  Stresses 
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Fig.  4. 
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Calculatioii  of  Wind  Load  Stresses. — The  reactions  for  wind  load  in  Fig.  4  are 
found  as  follows: 


Mind  Load 
Stress  Diagram 

FOR 

LEEWARD  Side 


EOOO 

I 

3      Scdie  of  Stresses 


The  reactions  Fa  and  Pe  for  the  windward  segment,  considering  it  a  simple  truss 
supported  at  the  hinges,  are  found  by  means  of  force  and  equilibrium  polygons.  The 
lines  of  action  of  T^  and  Pe  are  parallel  to  each  other  and  to  the  resultant  R.  The  line 
of  action  of  the  right  reaction,  Ri^  must  pass  through  the  center  hinge  C,  and  the  reac- 
tion Pc  will  be  replaced  by  two  reactions  Rt  and  R\  parallel  to  R'i  and  R\  in  the  arch 
respectively,  and  the  force  triangle  will  be  dosed'  by  drawing  R\  in  the  force  polygon. 
The  intersection  of  force  R  and  reactions  R\  and  R%  falls  outside  the  limit  of  the  diagram. 
0 
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Having  obtained  the  reactions,  the  stresses  in  the  members  are  calculated  in  the 
same  manner  as  in  a  simple  truss. 

The  wind  load  stresses  must  be  calculated  in  both  the  windward  and  leeward 
segments.  The  wind  load  stress  diagram  for  the  windward  segment  is  shown  in  Fig,  4 
and  for  the  leeward  segment  in  Fig.  5,  compression  being  indicated  in  the  stress  dia- 
grams by  heavy  lines  and  tension  by  light  lines.  Both  wind  load  stress  diagrams  and 
the  dead  load  stress  diagram  are  usually  constructed  for  the  same  segment  of  the  arch. 
By  comparing  wind  load  stress  diagrams  in  Fig.  4  and  Fig.  5,  it  will  be  seen  that  there 
are  many  reversals  in  stress.  The  maximum  stresses  found  by  combining  the  dead, 
snow  and  wind  load  stresses  as  in  the  case  of  simple  trusses  and  transverse  bents,  are 
used  in  designing  the  members. 

Problems. — For  problems  illustrating  the  principles  discussed  in  this  chapter,  see 
Chapter  XIII. 


CHAPTER  XII. 

Stresses  in  Pins,  Combined  and  Eccentric  Stresses. 

STRESSES  IN  PINS. — A  pin  under  ordinary  conditions  is  a  short  beam  and  must 
be  designed  (1)  for  bending,  (2)  for  shear,  and  (3)  for  bearing.  If  a  pin  becomes  bent 
the  distribution  of  the  loads  and  the  calculation  of  the  etressee  are  very  uncertain. 

The  cross-bending  stress,  /,  is  found  by  means  of  the  fundamental  formula  for 
flexure,  f  =  M-cjI,  where  the  maximum  bending  moment,  M,  is  found  as  explained 
later;  /  is  the  moment  of  inertia;  and  c  is  one-half  the  diameter  of  a  solid  or  hollow  pin. 

The  safe  shearing  stresses  given  in  standard  specifications  are  for  a  uniform  distri- 
bution of  the  shear  over  the  entire  cross-section,  and  the  actual  unit  shearing  stress  to 
be  used  in  designing  will  be  equal  to  the  maximum  shear  divided  by  the  area  of  the 
cross-section  of  the  pin. 

The  bearing  stress  is  found  by  dividing  the  stress  in  the  member  by  the  bearing 
area  of  the  pin,  found  by  multiplying  the  thickness  of  the  bearing  plates  by  the  diameter 
of  the  pin. 
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Fio.  1.     Stresbbb  in  a  Pin;  Algebraic  Solution. 
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Calcalation  of  Stresses. — ^The  method  of  calculation  will  be  illustrated  by  calcu- 
lating the  stresses  in  the  pin  at  Ui  in  (a)  Fig.  1.  In  the  complete  investigation  of  the 
pin  U\,  it  would  be  necessary  to  calculate  the  stresses  when  the  stress  in  UiUt  was  a 
maximum,  and  when  the  stress  in  UiLt  was  a  maximum.  Only  the  case  where  the 
stress  in  UiUtis  &  maximum  will  be  considered.    However,  maximum  stresses  in  pins 
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Fig.  2.    Stresses  in  a  Pin;  Graphic  Solution. 

sometimes  occur  when  the  stress  in  ViL^  is  a  maximum,  and  this  case  should  be  con- 
sidered in  practice. 

Bending  Moment. — The  stresses  in  the  members  are  shown  in  (c)  Fig.  1,  which 
gives  the  force  polygon  for  the  stresses.  The  makeup  of  the  members  is  shown  in  (a), 
and  the  pin  packing  on  one  side  is  shown  in  (6).  The  stresses  shown  in  (c)  are  applied 
one-half  on  each  side  of  the  member,  the  pin  acting  like  a  simple  beam.  The  stresses 
are  assumed  as  applied  at  the  centers  of  the  members. 

Algebraic  Method, — The  amounts  of  the  forces  and  the  distances  between  their 
points  of  application  as  calculated  from  (6)  are  shown  in  {d)  Fig.  1.    The  horizontal 
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and  vertical  components  of  the  forces  are  considered  separately,  the  maximum  hori- 
zontal bending  moment  and  the  maximum  vertical  bending  moment  are  calculated  for 
the  same  point,  and  the  resultant  moment  is  then  found  by  means  of  the  force  triangle. 
In  {d)  the  horizontal  bending  moments  are  calculated  about  the  points  1,  2,  3,  4; 
the  maximum  horizontal  moment  is  to  the  right  of  3,  and  is  208,600  in.-lb.  The  vertical 
bending  moments  are  calculated  about  points  5,  6,  7,  8;  the  maximum  vertical  bending 
moment  is  to  the  right  of  8,  and  is  283,000  in.-lb.     The  maximum  bending  moment  is 

at  and  to  the  right  of  4  and  8,  and  is  ^208,600*  -|-  283,000*  =  351,600  in.-lb.  Sub- 
stituting in  the  formula  /  =  M-c/I,  the  maximum  bending  stress  is  /  =  16,600  lb. 
The  allowable  bending  stress  for  which  this  bridge  was  designed  was  18,000  lb.  per 
sq.  in. 

Oraphic  Method. — The  amounts  of  the  forces  and  the  distances  between  their 
points  of  application  are  shown  in  (b)  Fig.  2.  The  force  polygon  for  the  horizontal 
components  U  given  in  (c),  and  the  bending  moment  polygon  is  given  in  (a).  The 
maximum  horizontal  bending  moment  will  be  to  the  right  of  3,  and  will  he  H  X  y 
=  200,000  X  1.04  =  208,000  in.-lb.  The  force  polygon  for  the  vertical  forces  is  given 
in  (d),  and  the  bending  moment  polygon  is  given  in  (e).  The  maximum  vertical  bending 
moment  is  to  the  right  of  8,  and  is  //  X  y  =  200,000  X  1.42  =  284,000  in.-lb.  The 
maximum  bending  moment  will  occur  at  and  to  the  right  of  4  and  8,  and  will  be  351,000 
in.-lb.,  as  shown  in  (/). 

Shear. — The  shear  is  found  for  both  the  horizontal  and  vertical  components  as  in  a 
simple  beam,  and  is  equal  to  the  summation  of  all  the  forces  to  the  left  of  the  section. 
The  horizontal  shear  diagram  is  shown  in  ((/),  and  the  vertical  shear  diagram  is  shown 
in  (h)  Fig.  2.  The  maximum  horizontal  shear  is  between  1  and  2,  and  is  165,400  lb. 
The  shear  between  2  and  3  is  165,400  -  99,300  =  66,100  lb.  The  maximum  vertical 
shear  is  between  6  and  7,  and  is  126,300  lb.     The  resultant  shear  between  2  and  3, 

and  6  and  7,  is  ^126,300*  +  66,100*  =  145,000  lb.  as  in  (i),  which  is  less  than  the 
horizontal  shear  between  1  and  2.  The  maximum  shear,  therefore,  comes  between 
1  and  2,  and  is  165,400  lb.  The  maximum  shearing  unit  stress  is  5,750  lb.  The  allow- 
able shearing  stress  was  9,000  lb. 

Bearing.— The  bearing  stress  in  LoUi  is  160,650  -^  (6  X  1.94)  =  13,800  lb.  Bearing 
stress  in  UiUt  is  165,400  -^  (6  X  1.88)  =  14,600  lb.  Bearing  stress  in  UiLi  is  42,200 
-^  (6  X  0.89)  =  7,900  lb.  Bearing  stress  in  U1L2  is  107,000-5-  (6  X  l^^)  =  12,400  lb. 
The  allowable  bearing  stress  was  15,000  lb.  per  sq.  in. 

COMBINED  AND  ECCENTRIC  STRESSES.— The  combined  stress  due  to 
direct  and  cross-bending  in  a  tie  or  strut  is  given  by  the  formula 

^      ^       ,       P         Mi'c 


where  P  =  total  direct  stress  in  the  member  in  lb.; 
I  »  length  of  the  member  in  in.; 

I  =  moment  of  inertia  of  the  member  in  in.  to  the  fourth  power; 
c  —  distance  in  in.  from  the  neutral  axis  to  the  most  remote  fiber  on  the  side 
for  which  the  stress  is  desired; 
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E  =  modulus  of  elasticity  of  the  material  in  lb.  per  sq.  in.; 
A  =  area  of  the  member  in  sq.  in.; 
/i  B  fiber  stress  due  to  cross-bending; 
fi  =  P/A  =  direct  unit  stress; 
Ml  =  bending  moment  on  the  section  in  in.-lb. 
i  B  a  coefficient  depending  upon  the  method  of  loading  and  the  condition  of  the 
ends,  and  is  usually  taken  as  10  for  struts  with  hinged  ends,  24  for  struts 
with  one  end  hinged  and  the  other  end  fixed,  and  32  for  both  ends  fixed. 
Derivation  of  Formula. — The  total  bending  moment  in  a  strut  or  a  tie  which 
carries  a  direct  total  stress  P,  and  a  cross-bending  Mi  will  M  =  Afi  db  P*v,  where 
V  =  maximum  deflection  of  strut  or  tie,  and 

M  ^  Midz  P'V  =- —  (2) 


But  from  Applied  Mechanics 

k'E 


V  =  7^7-  (3) 


in  which  A;  is  a  constant  depending  upon  the  condition  of  the  ends,  and  the  manner  in 
which  the  beam  is  loaded. 

Substituting  this  value  of  v  in  (2)  and  reducing 

_     ^^'^ 

7   .  ^  (1) 

k'E 

The  plus  sign  in  the  denominator  of  (1)  is  to  be  used  when  P  is  a  tensile  stress,  and 
the  minus  sign  is  to  be  used  when  P  is  a  compressive  stress.  If  the  member  is  inclined 
at  an  angle  0  to  the  vertical,  the  stress  /i  should  be  multiplied  by  sin  6,  For  an  eccentric 
stress,  the  bending  moment  is  Af  i  =  P-  6,  where  P  is  the  total  direct  stress  in  the  member 
and  e  is  the  eccentricity  of  the  load  in  in.  (distance  from  the  line  of  action  of  the  force 
to  the  neutral  axis  of  the  member). 

Combined  Compression  and  Cross-bending. — The  method  of  calculating  direct 
and  cross-bending  stresses  will  be  illustrated  by  calculating  the  stresses  in  the  end- 
post  of  a  bridge.  Fig.  3,  due  to  direct  compression,  weight,  eccentricity  of  loading,  and 
wind  moment. 

End-Post. — Design  the  end-post.  Fig.  3,  for  a  160  ft.  span  through  highway  bridge. 
Panel  length,  20'  0";  depth  of  truss  c.  to  c.  of  pins,  24'  0";  length  of  end-post,  31'  3". 
The  direct  stresses  are  as  follows:  dead  load  stress  =  30,000  lb.;  live  load  stress 
=  60,000  lb.;  impact  =  100/(160  +  300)  X  60,000  =  13,000  lb.;  total  direct  stress 
due  to  dead  load,  live  load  and  impact  =  103,000  lb.  The  bridge  is  to  be  a  class  C 
bridge  designed  according  to  the  "  General  Specifications  for  Highway  Bridges," 
in  Ketchum's  "Structural  Engineers'  Handbook."  From  §  38  of  the  specifications  the 
allowable  unit  stress  is  /«  =  16,000  —  70  l/r.  The  section  will  be  made  of  two 
channels  and  one  cover  plate. .  Try  a  section  made  of  two  10  in.  channels  @  15  lb., 
and  one  14  in.  by  -f^  in.  plate,  (6),  Fig.  3.  From  Table  82,  "Structural  Engineers' 
Handbook,"  the  radius  of  gyration  about  horizontal  axis  A-A,  is  r a  =  3.99  in.,  and 
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about  the  vertical  axis  B-B  h 
allowable  stress  is  then  /,  =  I 


4.67  in.,  and  the  eccentricity  is,  c  =  1.70  in.    The 
70  X  375 

9,400  lb.  per  sq.  in.    The  required 


3.99 

area  will  be  =  103,000  +  9,400  •=  10.96  sq.  in.  The  actual  area  is  13.30  sq.  in.  While 
the  section  appears  to  be  excessive,  it  will  be  investigated  for  stress  due  to  weight, 
eccentric  loading  and  wind  before  rejecting  it. 


si 


¥'7400 
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End-Pobt  of  a  Higbwat  Bridge. 


The  area,  radii  of  gyration  and  the  eccentricity  may  be  calculated  ae  follows. 
To  calculate  the  area.     Prom  the  "  Structural  Engineers'  Handbook." 


area  of  two  10  in.  channels 
area  of  one  14  in.  by  -^  in.  plate  = 
Total  area 


8.92  sq.  in. 
4.38  sq.  in. 


To  locate  the  neutral  axis  A.-A,  take  moments  about  the  lower  edge  of  the  channels 


<f-- 


8.92  X5jf  4^X  10.156 
13.30 


-  -  6.70  in. 


The  eccentricity  is  c  =  6.70  -  5.00  >=  1.70  in. 

The  moment  of  inertia  I  a,  about  axis  A-A  may  be  calculated  as  follows: 

Let  Ic  =  I  f>{  channels  about  center  of  channels. 

If  =  I  of  plate  about  center  of  plate. 

Ac  =  area  of  channels. 

Ap  =  area  of  plate. 
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Then 

Ia'-  Ic  +  lp  +  AcX  1.70»  +  ApX  ZA5&. 

=  2  X  66.9  +  0.04  +  8.92  X  1.70«  +  4.38  X  3.456* 
=  133.8  +  0.04  +  25,76  +  52.20 
^^11.80  in.J| 

Then  ta  =  ^Ia -i-  A  =  V2rr8oTl3!3  =  3.99  in. 

The  moment  of  inertia  Ib,  about  axis  B-B  may  be  calculated  as  follows. 

Let  1/  =  I  of  channels  about  neutral  axis  parallel  to  the  web. 
Ip'  =  7  of  plate  about  vertical  axis. 
Ae  =  area  of  channels. 

From  Table  82,  '^Structural  Engineers'  Handbook/'  the  distance  back  to  back  of 
channels  is  8^  in.  The  distance  from  neutral  axis  to  back  of  channel  is  0.639  in.  The 
distance  from  neutral  axis  of  channels  to  axis  B-B  is  4.25  +  0.639  =  4.889  in.  (4.89  in. 
will  be  used). 

Then  Ib  =  7/  +  //  +  Ae  X  4.89* 

=  4.60  +  71.46  +  8.92  X  4.89* 

=  4.60  +  71.46  +  213.28 

=  289.34  in.^ 

Then  r^  =  V7b  -^  A  =  V289.34  -^  13.3  =  4.67  in. 

Stress  Due  to  Weight  of  Member. — The  total  weight  of  the  member  will  be 

Two  10  in.  channels  @  15  lb.,  31'  6"  long  =     945  lb. 

One  14  in.  X  ^e  in.  plate  @  14.88  lb.,  30'  0"  long  =     447  lb. 
Details  and  lacing,  about  25  per  cent  »     308  lb. 

Total  Weight,  W  =  1^  lb. 

The  bending  moment  due  to  weight  of  member  is  M  —  iW-hsinB. 
Stress  due  to  weight 

M'C  iW'hsiiiO'C 

^^  'Toe      ^^"Toe 

The  stress  due  to  weight  in  the  upper  fiber  will  be 

i  X  1,700  X  375  X  0.645  X  3.6125 
^"^  "  103,000  X  375* 

oil    Q ? 

10  X  30,000,000 

=  940  lb.  per  sq.  in. 
The  stress  due  to  weight  in  the  lower  fiber  is 

fj  =  -  6.70  X  940  -5-  3.6125 
«  —  1,745  lb.  per  sq.  in. 
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Stress  Due  to  Eccentric  Loading.-^The  pins  were  placed  }  inch  above  the  center  of 
the  channels,  and  the  stress  due  to  eccentric  loading  will  be 

Mi'C         P  X  (1.70  -  0.5)  X  c 

^       lOJ^  ^       lOJ^ 

The  eccentric  stress  in  the  upper  fiber  will  be 

103,000  X  1.20  xa.  6125 


/•  = 


103,000  X  375» 
211.8  - 


10  X  30,000,000 

=  —  2,280  lb.  per  sq.  in. 

The  eccentric  stress  in  the  lower  fiber  is 

fe=  +  6.70  X  2,280  -5-  3.6125 
=■  +  4,230  lb.  per  sq.  in. 

The  resultant  stress  due  to  weight  and  eccentric  loading  is  /i  =/«,+/«=  +  940 
-  2,280  =  -  1,340  lb.  in  the  upper  fiber,  and  -  1,745  +  4,230  =  2,485  lb.  per  sq.  in. 
in  the  lower  fiber. 

The  allowable  stress  due  to  weight  and  eccentric  loading  is  greater  than  10  per 
cent  of  the  allowable  stress  and  must  be  considered,  with  the  allowable  unit  stress 
increased  by  10  per  cent. 

The  total  unit  stress  in  the  member  will  be,  /  =  103,000  -^  13.30  +  2,485  =  7,752 
+  2,485  »  10,237  lb.  per  sq.  in.  The  allowable  unit  stress  when  weight  and  eccentric 
loading  are  considered  is  9,400  X  1.10  =  10,340  lb.  per  sq.  in.,  which  is  sufiicient. 

Stress  Due  to  Wind  Moment. — The  load  on  the  portal  and  the  direct  wind  stresses 
in  the  end-post  when  the  end-post  is  assumed  as  pin-connected  at  the  base  are  shown 
in  (d)  and  (e)  Fig.  3.  The  end-posts  may  both  be  assumed  as  fixed  if  the  windward 
end-post  is  fixed.  To  fix  the  windward  end-post  the  bending  moment  must  not  be 
greater  than  the  resisting  moment  which  will  be 

Mo  =  F-i/o  =  ^a(90,000  -  F  -  DO 

where  V  »  5,060  lb.  and  D'  =  7,000  lb.  the  direct  stress  due  to  wind,  and  a  «  distance 
center  to  center  of  metal  in  the  sides  of  the  end-post  =  8.87  in.,  (/),  Fig.  3.  (The  im- 
pact stress  is  omitted.)     If  j/o  is  taken  equal  to  |d  =  10'  0"  =  120  in.,  we  will  have 

2,000  X  120  S  (90,000  -  5,060  -  7,000)8.87/2 

which  makes  240,000  <  345,600,  and  the  end-post  may  be  assumed  as  fixed  at  the  base. 
The  stress  due  to  bending  moment  due  to  wind  loads  in  the  leeward  end-post  will  be, 

M'C 


/  - 


lOE 


240,000  X  7 

=  6,730  lb.  per  sq.  m. 


(90,000  +  5,060  +  7,000)258* 
289.4  -  —^  '        -r     ,       / 


10  X  30,000,000 
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The  total  stress  due  to  direct  wind  load  will  be  /«,  =  (5,060  +  7,000)/13.30  =? 
+  910  lb.  per  sq.  in.  The  total  maximum  wind  load  stress  will  come  on  the  windward 
fiber  of  the  leeward  end-post,  and  will  be  U''  =  +  6,370  +  910  =  +  7,280  lb.  per 
sq.  in. 

The  maximum  stress  due  to  direct  dead  and  live  loads  (not  including  impact)  and 
wind  load  stresses  will  be 

/  =  90,000  -^  13.30  +  7,280 
=  6,770  +  7,280  =  14,050  lb.  per  sq.  in. 

From  the  specifications  the  allowable  stress  may  be  increased  50  per  cent  when 
direct  ai\d  fiexural  wind  stresses  are  considered. 

The  allowable  stress  when  both  direct  and  fiexural  wind  stress  are  considered  is  then 

U  =  9,400  X  1.50  =  14,100  lb.  per  sq.  in. 

The  stresses  in  the  windward  post  will  be  less  than  in  the  leeward  end-post  calcu- 
lated above. 

While  the  section  assumed  appeared  to  be  excessive,  the  additional  area  and  the 
width  of  plate  are  required  to  take  the  flexure  due  to  wind  loads. 

Combined  Tension  and  Cross-bending. — The  stress  due  to  cross-bending  when  the 
member  is  also  subjected  to  direct  tension  is  given  by  the  formula 

/.  -  — p^  (') 

the  nomenclature  being  the  same  as  in  (1).    The  constant  k  is  taken  equal  to  10  where 
the  ends  are  hinged. 

Stress  in  a  Bar  Due  to  its  Own  Weight. — Let  h  =  breadth  of  bar  in  inches;  A  = 
depth  of  bar  in  inches;  lo  =  weight  of  bar  per  lineal  inch  =  0.28  6 -/i  lb.;  /j  =  P/6-A 
=  direct  unit  stress  in  lb.  per  sq.  in. 

We  will  also  have  c  =  \h\  Mi  =  Jw?'P;  P  =  ffb-h. 

Substituting  in  (7),  we  have 

jwl^'^h  _^  4,900,000^ 

+  in  V.  oo/w..r l^r.      /»  +  23,000,000  '       * 


(x)' 


12     •  10  X  28,000,000 

where  f\  is  the  extreme  fiber  stress  in  the  bar  due  to  weight,  and  is  tension  in  lower 
fiber  and  compression  in  upper  fiber. 

If  the  bar  is  inclined,  the  stress  obtained  by  formula  (8)  must  be  multiplied  by 
the  sine  of  the  angle  that  the  bar  makes  with  a  vertical  line.  Formula  (8)  is  much  more 
convenient  for  actual  use  than  formula  (7). 

Diagram  for  Stress  in  Bars  Due  to  Their  Own  Weight — Taking  the  reciprocal 
of  (8),  we  have 

1      /,       23,000,000(1)*^ 

/,  ~  4,900,000A  ^       4,900,000/t       "  J'>  +  l'* 
and  /i  =  l/(yi  +  1/t)  (9) 
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Fig.  4  gives  values  of  yi  for  different  values  of /t,  and  values  of  y,  for  different  values 
of  the  length  in  feet,  L.  The  values  of  yi  and  ^i  can  be  read  off  the  diagram  directly 
for  any  value  of  A,  ft  and  L.  And  then,  if  the  sum  of  ^i  and  j/t  be  taken  on  the  lower 
part  of  the  diagram,  the  reciprocal,  which  is  the  fiber  stress  /i,  may  be  read  off  the 
right  hand  side. 

The  use  of  the  diagram  will  be  illustrated  by  two  problems: 

Probleu  1.— Required  the  stress  io  a  4  in.  X  1  in,  eye-bar,  20  ft,  0  in.  long,  which 
has  a  direct  tension  of  56,000  lb. 


.s 


•-ici 


la II. Depth  of  Bar  in  Inches 

m.  V-^Yz  in  Tens  of  Thousandths 


i 
3 
s 


a 


Fia.  4.     Diagram  for  Finding  Stress  in  Bars  Due  to  Their  Own  Weight. 

In  this  case,  A  =  4  in.,  L  =  20  ft.  0  in.,  and  /,  =  14,000  lb.  per  sq.  in.  The  stress 
due  to  weight, /i,  is  found  as  follows:  On  the  bottom  of  the  diagram.  Fig.  4,  find  h  =  A 
inches,  follow  up  the  vertical  line  to  its  intersection  with  inclined  line  marked,  L  =  20 
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feet,  and  then  follow  the  horizontal  line  passing  through  the  point  of  intersection  out 
to  the  left  margin  and  find,  ya  =  3.3  tens  of  thousandths;  then  follow  the  vertical 
line,  A  s:  4  inches,  up  to  its  interseccion  with  inclined  line  marked,  ft  »  14,000,  and  then 
follow  the  horizontal  line  passing  through  the  point  of  intersection  out  to  the  left 
margin  and  find,  yi  =■  7.2  tens  of  thousandths. 

Now  to  find  the  reciprocal  of  yi  +  yi  =  7.2  +  3.3  =  10.5,  find  value  of  yi  +  yi 
=  10.5  on  lower  edge  of  diagram,  follow  vertical  line  to  its  intersection  with  inclined 
line  marked  **  Line  of  Reciprocals  "  and  find  stress  /i  by  following  horizontal  line  to 
right  hand  margin  to  be 

/i  =  950  lb.  per  sq.  in. 

By  substituting  in  (8)  and  solving  we  get  /i  =  960  lb.  per  sq.  in. 

Problem  2. — Required  the  stress  in  a  5  in.  X  |  in.  eye-bar,  30  ft.  0  in.  long,  which 
has  a  direct  tension  of  60,000  lb.,  and  is  inclined  so  that  it  makes  an  angle  of  45^  with  a 
vertical  line. 

In  this  case,  h  =  5  in.,  L  =  30  ft.  0  in.,  /i  =  16,000  lb.,  and  6  =  45**.  From  the 
diagram.  Fig.  4,  as  in  Problem  1,  ya  =  1.8  tens  of  thousandths,  and  yi  =  6.5  tens  of 
thousandths,  and 

/i  =  l/(yi  +  y«)  X  sin  ^  =  1,200  X  sin  $ 

=  850  lb.  per  sq.  in. 

Relations  Between  h, /i,  ft  and  L. — For  any  values  of /j  and  L,/i  will  be  a  maximum 
for  that  value  of  h  which  will  make  yi  +  yi  a  minimum.  This  value  of  h  will  now 
be  determined.  Differentiating  equation  (8)  with  reference  to  f\  and  A,  we  have, 
solving  for  A,  after  placing  the  first  derivative  equal  to  zero 

k^L-^/A.SOO  (10) 

in  which  h  is  the  depth  of  bar  which  will  have  a  maximum  fiber  stress  for  any  given 
values  of  L  and  /a. 

Now  if  we  substitute  the  value  of  k  in  (10)  back  in  equation  (8),  we  find  that/i  will 
be  a  maximum  when  yi  =  ya. 

Now  in  the  diagram  the  values  of  yi  and  yt  for  any  given  values  of  ft  and  L  will  be 
equal  for  the  depth  of  bar,  A,  corresponding  to  the  intersection  of  the  ft  and  L  lines. 

It  is  therefore  seen  that  every  intersection  of  the  inclined  ft  and  L  lines  in  the 
diagram,  has  for  an  abscissa,  a  value  A,  which  will  have  a  maximum  fiber  stress  /i,  for 
the  given  values  of  ft  and  L. 

For  example,  for  L  =  30  feet  and  ft  =  12,000  lb.,  we  find  h  =  8.3  inches  and 
/i  =  1,700  lb.  For  the  given  length  L  and  direct  fiber  stress /j,  a  bar  deeper  or  shallower 
than  8.3  inches  will  give  a  smaller  value  of /i  than  1,700  lb. 

PROPERTIES  OF  SECTIONS.— The  moment  of  inertia  and  the  product  of 
inertia  of  sections  will  be  calculated  algebraically  and  graphically.  It  will  first  be 
necessary  to  discuss  moment  of  inertia  and  product  of  inertia. 

Moment  of  Inertia. — The  moment  of  inertia,  7,  of  a  plane  area  about  an  axis  is 
the  summation  of  the  product  of  each  differential  area,  dA,  multiplied  by  the  square 
of  the  distance,  y,  of  the  differential  area  from  the  axis,  and 

I^Xj/'-dA  (11) 

For  an  axis  through  the  centroid  of  the  section  (the  neutral  axis) 
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/  =  At« 


(12) 


where  A  =  area  of  the  section,  and  r  =  radius  of  gyration  »  distance  from  the  neutral 
axis  to  a  point  at  which  the  entire  area  A  may  be  considered  as  concentrated.  If  A  is 
in  sq.  in.  and  r  is  in  inches,  /  will  be  in.^  For  an  axis  parallel  to  the  neutral  axis  and  at  a 
distance  d,  from  the  neutral  axis 

Id^I  +  A'cP  (13) 

Product  of  Inertia. — The  product  of  inertia,  Z,  of  a  plane  area  about  a  pair  of 
rectangular  axis  is  the  summation  of  the  product  of  each  differential  area,  dA,  multiplied 
by  y,  the  distance  of  the  differential  area  from  the  X-axis  and  x,  the  distance  of  the 
differential  area  from  the  F-axis. 

Z^^y^Zx-ydA  (14) 

The  product  of  inertia,  Z,  may  be  written 


Zxy    =    A-Cx-r^    =    A-Cy-Ty 


(15) 


where  r.  and  ty  are  the  radii  of  gyration  of  the  area  referred  to  the  FF-axis  and  the 
ZX-axis,  respectively,  and  Cx  and  Cy  are  lengths  known  as  product  abscissas. 

The  product  of  inertia  of  a  rectangle  with  height  a  and  breadth  6,  about  rectangular 
axes  coinciding  with  the  left  side  and  lower  edge  will  be 

The  product  of  inertia,  Z,  of  a  section  may  be  positive,  negative  or  zero,  depending 
upon  the  location  of  the  axes.  For  an  axis  of  symmetry,  the  product  of  inertia,  Z, 
will  be  zero.    If  the  figure  is  measured  in  inches  the  product  of  inertia  will  be  given  in  in^ 


Moment  of  Inertia,  Rotation  of  Axes. — Let  the  rectangular  axes  OX  and  OF  in  Fig. 
5,  be  revolved  through  an  angle  a  to  the  position  OU  and  OF,  respectively. 
Then,  u  =  y •  sin  a  +  x*  cos  a 

V  =  2/* cos  a  ~  X'sina 
Substituting  these  values  of  u  and  v  in  equations  for  /»,  /«  and  Zw« 

=  S(ycosa  —  x-sin  a^dA 

=  S2^*cos*a*dil  +  2x** singer* dA  —  2Zx*y*sina*cos  a*dii 

=  /x-cos*a  +  /y-sin'a  —  Zx^'sin  2a  (16) 
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Also,  in  a  similar  manner 

Iv  =  /x*  sin*  a  +  /y  •  cos*  a  +  Z^y  sin  2a  (17) 

and 

Zuv  =  ^U'V'dA 

=  S(ysina  +  X'Cosa)(t/'Cosa  —  x- sin  a)dA 

=  Zy^'aina'Cosa'dA  +  2z-?/-cos*a*dA  —  Zx^y-Bin^a-dA  —  2x*'sin  a*cosa'dA 

=  i(/x  -  /y)  sin  2a  +  Z^y-cos  2a  (18) 


Adding  equations  (16)  and  (17), 

Iu  +  Iv  =  Ix  +  ly 


and 


Tu^  +  r„*  =  fx*  +  r 


y 


(19) 
(20) 


Principal  Axes. — To  obtain  the  value  of  a  —  fi  for  the  principal  axes  (axes  for 
which  Z  =  0),  place  Zuv  in  (18)  equal  to  zero,  and 


tan  2/3  =  - 


2Z 


xy 


(21) 


If  1 1  and  1 2  are  the  moments  of  inertia  for  the  principal  axes,  by  substituting  (21) 
in  (16)  and  (17),  we  have 

Ii  =  ly  -  Zxy-tan/8  (22) 

h  =  Iz  +  Z^^'tsLTifi  (23) 

Equations  (16),  (17),  (18)  and  (21)  may  be  solved  by  means  of  the  "Circle  of 
Inertia." 


Fig.  6.     Circle  of  Inertia. 
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Circle  of  Inertia. — From  any  point  0,  Fig.  6,  along  the  axis  OX,  lay  off  OA  =  ly 
and  OB  =  Z,.  At  point  A  lay  off  AC  =  Zry  upward  if  plus,  and  downward  if  minus. 
Bisect  the  line  AB  at  point  D,  With  radius  CD  and  center  D,  describe  the  circle 
l-C-2.     Circle  1-Ct2  is  the  "Circle  of  Inertia"  for  the  given  section. 

To  calculate  luy  /«  and  Z^v,  for  the  axes  OU  and  OF,  making  an  angle  a  with  axes 
OX  and  OY,  respectively,  proceed  as  follows: 

Through  C  draw  QE  parallel  to  OU,  Drop  a  perpendicular  EF  on  axis  OX. 
Draw  EG  through  center  of  circle.     Drop  perpendicular  from  G  to  axis  OX  at  7.    Then 

OF  =  Iu 

01  =7^ 

EF  =  Zuv 
Proof: — 

OF  =  OH'Cosa  +  HE'sina  '       (24) 

EF  =  OH'  sin  a  -  HE-  cos  a  (25) 

But 

OH  =  7x-cosa  -  Zxy-sin  a  (26) 

TT^  =  7y  •  sin  a  -  Z^-  cos  a  (27) 
Substituting  in  (24)  and  (25) 

OF  =  7,-cos«a  +  7y-sin«a  -  Z^-ain  2a  (29) 

J5?^  =  1(7,  -  ly)  sin  2a  +  Zxy-cos  2a  (30) 
By  comparing  (29)  and  (30)  with  (16)  and  (18),  it  will  be  seen  that, 

OF  =  lu  (31) 

EF  =  Zuv  (32) 

Also 

01  =  7,  (33) 

By  construction  angle  CD  A  =  2/3,  and  (21)  follows  from  inspection. 
From  Fig.  6  it  will  be  seen. 

(1)  The  maximum  and  minimum  values  of  the  moment  of  inertia  will  be  0-2  and 
0-1,  respectively; 

(2)  For  maximum  and  minimum  values  of  the  moment  of  inertia,  the  product  of 
inertia  equals  zero.  This  shows  why  the  term  product  of  inertia  is  not  often  used, 
and  why  its  properties  are  not  familiar; 

(3)  The  principal  axes  will  be  parallel  to  the  lines  C-1  and  C-2;  for  a  line  drawn 
through  C  parallel  to  the  axis  OU  will  pass  through  point  1,  and  the  product  of  inertia 
will  be  zero. 

For  an  application  of  the  **  Inertia  circle,"  see  Problem  7,  Chapter  XIII. 

Ellipse  of  Inertia. — For  the  principal  axes,  angle  a  =  /3,  the  product  of  inertia  is 
zero,  and  equation  (16)  becomes 

lu  =  7xCos«j9  +  7y-sin*/3 

A'tJ  =  Atx'-cos*/8  +  ATy'-sin»/9 

ru«  =  r«»  •  cos«  &  +  ry^'  sin«  fi  (34) 
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Now  let  X  =  r,-ry-cos/8/r„,  and  y  =  rg-fy- sin  fi/vu,  then 

rJ     r^ 


(35) 


Equation  (35)  is  the  equation  of  an  ellipse  in  which  r»  and  fy  are  the  major  and 
minor  semi-axes. 

It  is  required  to  calculate  a  tangent  to  the  point  B  in  Fig.  7  which  shall  be  normal 
to  the  axis  A-0. 


Elupbe  of  Inertia. 


Differentiate  equation  (35)  with  reference  to  x,  and  the  equation  of  the  tangent  to 
the  ellipse  at  B,  coordinates  x,  y,  will  be 


Xi'dx      yi'dy 


=  0 


and 


dy  X\ '  rJ' 

/  =  --^=tan/3 

ax  J/lTy* 


from  which 


Xi  =   - 


Substitute  xi  in  (37)  in  (35),  and 


yi '  Ty^ '  sin  P 
fz*- cos  j8 


y  1* 'fy^- sin' g      yi*  __ 

rx**COS'/3  fas' 


Solving  (38), 


fx^'COS*^ 
yi*  =  — 

fy*  •  sin'  fi  +  fx'  •  COS*  P 


.2    = 


(36) 


(37) 


(38) 


(39) 


But  the  denominator  in  (39)  is  equal  to  r«'  in  (34),  and 
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yi'  = 


rx*-cos'|8 


and 


1/1  = 


cosi9 


also 


Xi  = 


r«'-sin/5 


u 


Now 


OA  =  xi  •  sin  /3  +  yi  •  cos  j8  = 


r«'  •  sin'  /5  +  fx*  •  cos'  j9 


=  r, 


u 


Also, 


-BA  =  ysinjS  —  a;*cosj8  =  Cu 

rx*-cos/3'8in/8      ry^ '  sin  0*  cos  $ 


(40) 


(41) 


(42) 


^  (/x  ~  /y)  sin  20 
2ru'A 

From  (18)  Z^  =  0,  and  Zy,  =     (/x  -  /y)  sin  2)8,  then 


and 


Tu'A 
Zuv  —  Cu'Tu'A 


(43) 
(44) 


Therefore,  if  a  tangent  be  drawn  parallel  to  any  axis  the  radius  of  gjrration  about 
this  axis  will  be  the  perpendicular  distance  between  this  axis  and  the  tangent;  and  the 
product  of  inertia  will  be  equal  to  the  product  of  this  radius  of  gyration  and  the  dis- 
tance from  the  intersection  of  this  tangent  with  a  tangent  drawn  parallel  to  the  con- 
jugate axis  to  the  point  of  tangency  of  the  second  tangent. 

For  the  principal  axes,  Cx  =  0,  and  Zry  =  0. 

M 


(^) 


(t>) 


Fig.  8. 


OBLIQUE  LOADING  ON  BEAMS.— Steel  purlins  on  roofs  are  made  of  channels 
or  I-beams  with  the  web  normal  to  the  roof.  The  wind  loads  are  usually  assumed  as 
normal  to  the  roof  while  dead  and  snow  loads  are  vertical.    The  bending  moment  due 

10 
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to  the  vertical  loading  =  My  may  be  resolved  into  a  component,  3f*sina,  parallel  to 
the  roof,  and  a  component.  Mucosa,  normal  to  the  roof.  The  total  fiber  stress  due 
to  the  vertical  loading  will  be 

M'V'Cosa      M'X'sina  ,    , 

f  =  f.+fy 1 +  -r (45) 

The  stress  /,  will  be  compression  on  the  top  and  tension  on  the  bottom  edges.  For 
simple  spans  the  stress  fy  will  be  compression  on  the  upper  and  tension  on  the  lower 
flanges.  For  a  simple  span  the  maximum  compression  will  be  at  the  point  a  in  Fig.  8. 
For  a  6  in  channel  @  8  lb.  on  a  roof  with  \  pitch  (a  =  26**  34'),  /«  =  13.0  in.*, 
ly  =  0.70  in.*,  y  =  3  in.,  x  =  1.403  in.  to  point  a  with  the  flanges  turned  up  the  slope 
as  in  Fig.  8,  and  xi  =  0.517  in.  to  the  upper  right  hand  fiber  with  the  flanges  turned 
down  the  slope.  Then  the  total  fiber  stress  in  the  upper  right  hand  fiber  with  the 
flanges  of  the  channel  turned  up  the  slope  will  be 

/  =  /x  +  /v  =  0.206ilf  +  0.896Jlf  =  1.102Jlf  (46) 

If  the  flanges  of  the  channel  are  turned  down  the  slope  the  maximum  fiber  stress 
will  be  tension  and  will  be  on  the  top  of  the  lower  flange  and  will  have  the  same  value 
as  the  maximum  compression  given  in  equation  (46). 

With  a  purlin  made  of  a  6  in.  channel  @  8  lb.,  16  ft.  long,  a  vertical  load  of  40  lb. 
per  lineal  foot  of  purlin  will  give  a  maximum  fiber  stress  by  inserting  in  (46)  of  17,000 
lb.  per  sq.  in.  In  practice  6  in.  channels  @  8  lb.  with  about  a  5  ft.  spacing  are  used  up 
to  spans  of  16  ft.,  the  center  of  the  purlin  being  supported  by  a  sag  rod  placed  in  the 
plane  of  the  roof.  If  the  sag  rod  is  drawn  up  so  that  there  is  no  deflection  of  the  center 
of  the  purlin  in  the  plane  of  the  roof,  the  bending  moment  in  the  plane  of  the  roof  will 
be  one-fourth  of  that  given  in  (46),  and  the  maximum  fiber  stress  will  be 

/  =  /.  +  /y  =  0.206M  +  0.224M  =  0.430M  (47) 

With  a  sag  rod  at  the  middle  of  the  16-ft  span  a  vertical  load  of  100  lb.  per  lineal 
foot  of  purlin  will  produce  a  maximum  fiber  stress  of  16,500  lb.  per  sq.  in.  If  one-half 
the  load  is  assumed  as  normal,  the  6  in.  channel  @  8  lb.  purlin  with  a  16  ft.  span  will 
carry  a  load  of  75  lb.  per  lineal  foot  of  purlin  normal  to  the  roof,  and  75  lb.  per  lineal 
foot  of  purlin  vertical,  with  a  maximum  fiber  stress  of  19,000  lb.,  which  is  safe  for  rolled 
sections  on  buildings. 

With  two  sag  rods  the  maximum  stress  will  come  at  the  center  of  the  span  and  the 
second  term  of  the  right  hand  side  of  equation  (46)  will  be  one-fifth  of  the  value  given 
or  0.195M. 

As  far  as  maximum  stresses  are  concerned,  therefore,  it  makes  little  difference 
whether  channel  purlins  have  the  legs  turned  up  or  down  the  slope,  and  whether  one  or 
two  sag  rods  are  used. 

In  the  specifications  in  Appendix  I,  the  author  has  specified  that  sag  rods  shall  be 
used  and  that  purlins  shall  be  designed  for  the  normal  coipponent  of  all  roof  loads 
with  a  maximum  fiber  stress  of  16,000  lb.  per  sq.  in.  The  minimum  normal  roof  load 
is  to  be  30  lb.  per  sq.  ft. 

ECCENTRIC  RIVETED  CONNECTIONS.— The  actual  shearing  stresses  in  riveted 
connections  are  often  very  much  in  excess  of  the  stresses  due  to  direct  shear.  This  will 
be  illustrated  by  the  calculation  of  the  shearing  stresses  in  the  rivets  of  the  standard 
connection  in  Fig.  9. 
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The  eccentric  force,  P,  may  be  replaced  by  a  direct  force  P,  acting  through  the 
center  of  gravity  of  the  rivets  and  parallel  to  its  original  direction,  and  a  couple  with  a 
moment,  M  =  P  X  3''  =  60,000  in.-lb.  Each  rivet  will  then  take  a  direct  shear  equal 
to  P  divided  by  n,  where  n  =  total  number  of  rivets  in  the  connection,  and  a  shear  due 
to  bending  moment  M. 

The  shear  on  any  rivet  due  to  twisting  moment  will  vary  as  the  distance,  and  the 
resisting  moment  exerted  by  each  rivet  will  vary  as  the  square  of  the  distance  from  the 
center  of  gravity  of  all  the  rivets. 

Now  if  a  is  taken  as  the  resultant  shear  due  to  twisting  moment  on  a  rivet  at  a 
unit  distance  from  the  center  of  gravity  of  all  the  rivets,  we  will  have  the  relation 


M  =  a(di«  H-  di^  +  d^  +  d^  +  *») 


and 


a  = 


M       60,000 


(48) 


ScP       23.10 
=  2,600  lb. 

The  remainder  of  the  calculations  are  shown  in  Table  I.  The  resultant  shears 
on  the  rivets  are  given  in  the  last  column  of  Table  I,  and  are  much  larger  than  would 
be  expected. 

TABLE  I. 


Direct  shear.  5* a  ao,ooo  +  S™  4.000  lb 
Moment  ■■  ao,oooX  3  *  60,000  in.-lb.  =  a(</i*+<is>4'<^+<^*+<^«*)  where  a  «  moment  shear  on  rivet  3  ■■  a,6oo  lb. 

Rivet. 

</,  In.                   ifl.  In.*. 

Moment,  In.-Lb. 

Af,  Lb. 

S,  Lb. 

/?,  Lb. 

I 

2 

3 
4 
5 

2.70 

1-95 
I.OO 

1-95 
2.70 

7-25 
3.80 

I.OO 

3.80 

7.25 

18,850 

9.87s 
2,600 

9,875 
18,850 

6,820 

5,070 
2,600 

5,070 
6,820 

4,000 
4,000 
4,000 
4,000 
4,000 

9,260 

3,250 
6,600 

3,250 
9,260 

23.10 

60,000 

■ 

20,000 

aSiP  =  23.10  a  =  60,000  in.-lb. 

a  —  2,600  lb.  —  moment  shear  on  rivet  3 
M  =  shear  due  to  moment 
S  =  shear  due  to  direct  load,  P, 
R  —  resultant  shear 

The  force  and  equilibrium  polygons  for  the  resultant  shears  and  the  load  P,  drawn 
in  Fig.  9,  close,  which  shows  that  the  connection  is  in  equilibrium. 

Center  of  Motion.— The  total  shear  on  rivet  3  is  4,000  +  2,600  =  6,600  lb.,  and 
is  parallel  to  the  resultant  force  P,  There  will  be  some  point  to  the  right  of  rivet  3 
where  the  total  shear  on  a  rivet  will  be  zero.  This  point  ^ill  be  at  a  distance  to  the 
right  of  rivet  3  equal  to  6,600  h-  2,600  =  2.54  in.  The  center  of  motion  of  all  of  the 
rivets  of  the  group  will  then  be  at  a  distance  to  the  right  of  the  center  of  gravity  of  the 
rivets  equal  to  2.54  —  1.00  =  1.54  in.  The  total  shear  on  each  rivet  will  be  equal  to  a 
(2,600  lb.)  multiplied  by  the  distance  of  the  rivet  from  the  center  of  motion.  The 
direction  of  the  shear  on  each  rivet  will  be  normal  to  the  rotation  arm.  > 
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LfCt  the  distance  from  the  center  of  motion  to  any  rivet  be  represented  by  the 
distance  2,  and  the  distances  of  the  rivets  will  be 

zz  =  2.54  in.,  02  =  24  =  V1.252  +  0.04*  =  1.25  in.,  2i  =  ^s  =  V2.54*  +  2.5*  =  3.56  in. 
The  total  shears  on  the  rivets  will  then  be 

Rz  =  2.54  X  2,600  =  6,600  lb. 

/iJj  =  22*  =  1.25  X  2,600  =  3,250  lb. 

7^1  =  jKj  =  3.56  X  2,600  =  9,260  lb. 


0     4000  6000  lEOOO 


I 


f  oh:c^ 


I 


Force  Fhlygon 
rti?6x4H 


->K---fi'^->K--^'">l 


Standard  Connection 
Fig.  9. 


—  >K--->i 


Equilibrium  Fhlygon 


The  value  of  2rf*  about  the  center  of  gravity  of  the  rivets  may  be  calculated  as 
follows.     If  the  coordinates  of  the  rivets  are  represented  by  x  and  y,  then 

2d*  =  2  Va;*  +  y*  =  23.10  in.* 

and  a  =  Af/2cP  =  2,600  lb.  as  above.     Let  e  be  the  distance  from  the  line  of  action 

of  P  to  the  center  of  gravity  of  the  rivets  and  /  be  the  distance  from  the  center  of  gravity 

to  the  center  of  motion,  Fig.  9.     Now  the  moment  of  the  direct  shears  on  the  rivets 

about  the  line  of  action  of  force  F  will  be  equal  to  the  twisting  moment  of  the  rivets 

about  the  center  of  gravity,  and  since  the  direct  shears  on  the  rivets  parallel  to  line  of 

action  of  force  P  is  J.n.a,, 

f  XnXaXe  =  aZcP 

and 

2(P 
/=  - 


ri'e 
and  since  number  of  rivets  is  n  =  5 

2cP 
f  =  -—  =  23.10/15  =  1.54  in. 
5e 

which  gives  a  method  for  calculating  /  for  any  connection.  The  center  of  motion  will 
be  on  a  line  drawn  normal  to  the  line  of  action  of  P  and  passing  through  the  center 
of  gravity. 


CHAPTER  XIII. 
Pboblems  in  the  Calculation  of  Stresses  in  Framed  Structures. 

Introduction. — It  is  impossible  for  the  student  to  gain  a  working  knowledge  of 
algebraic  and  graphic  statics  and  of  the  calculation  of  stresses  in  framed  structures 
without  solving  numerous  problems.  In  order  to  save  the  time  of  the  student  and  the 
instructor,  it  is  necessary  that  the  problems  be  selected  with  great  care  and  that  the 
data  be  put  in  working  form.  The  problems  given  in  this  chapter  have  been  used  by 
the  author  in  his  classes  and  have  proved  their  usefulness.  The  student  is  assigned  a 
solved  and  an  unsolved  problem  involving  the  same  principles,  but  with  different  data. 
Before  attempting  the  solution  of  the  unsolved  problem,  the  student  makes  a  careful 
study  of  the  solved  problem,  and  uses  the  principles  there  explained  in  the  solution  of 
the  unsolved  problem.  With  the  definite  instructions  given,  the  student  loses  no  time 
in  proceeding  to  the  solution  of  the  problem,  and  not  only  gains  a  knowledge  of  the  given 
problem  but  also  acquires  facility  in  solving  additional  problems.  Tliis  method  of 
teaching  is  essentially  the  same  as  the  method  of  teaching  surveying  as  given  in  Pence 
and  Ketchum's  '^Surveying  Manual.''  By  slightly  changing  the  quantities  and  dimen- 
sions, the  data  for  new  problems  may  be  easily  obtained. 

Instructions.— (1)  Plate.— The  standard  plate  is  to  be  9"  X  lOJij",  with  a  1" 

border  on  the  left-hand  side,  and  a  J^"  border  on  the  top,  bottom,  and  right-hand  side 

of  the  plate.     The  plate  inside  the  border  is  to  be  7J^"  X  9}^".     (2)  Co-ordinates. — 

Unless  stated  to  the  contrary,  co-ordinates  given  in  the  data  will  refer  to  the  lower 

1500 
left-hand  corner  of  border  as  the  origin  of  co-ordinates.     In  defining  the  force,  P  — r^ 

(5.0",  3.0"),  the  force  is  1500  lb.,  makes  150**  with  the  X-axis  (lies  in  the  second  quad- 
rant), and  passes  through  a  point  5.0"  to  the  right,  and  3.0"  above  the  lower  left-hand 
corner  of  border.  (3)  Data. — Complete  data  shall  be  placed  on  each  problem  so  that 
the  solution  will  be  self  explanatory.  (4)  Scales. — The  scales  of  forces,  and  of  frames 
or  trusses  shall  be  given  as  1"  =  (  )  lb.,  or  ft. ;  and  by  a  graphic  scale  as  well.  (5) 
Name. — The  name  of  the  student  is  to  be  placed  outside  the  border  in  the  lower  right- 
hand  corner.  (6)  Equations. — All  equations  shall  be  given,  but  details  of  the  solution 
may  be  indicated.  (7)  Lettering. — Engineering  News  lettering  is  to  be  used  on  all 
drawings.  Titles  may  be  vertical,  all  other  figures  and  lettering  shall  be  inclined. 
Height  of  letters  and  figures  shall  be  as  follows:  Main  titles — capitals  ^  in.,  small 
capitals  Vs  in.,  other  lettering — capitals,  full  height  lower  case  letters  and  numerals. 
5/30  in.,  lower  case  letters  3/30  in.  All  lettering  and  drawings  are  to  be  executed  in 
pencil.  (8)  References. — References  are  to  "The  Design  of  Steel  Mill  Buildings," 
and  to  the  author's  **  Structural  Engineer's  Handbook." 

Note. — It  should  be  noted  that  all  the  problems  have  been  reduced  so  that  all 
dimensions  are  about  five-eighths  of  the  original  dimensions  given  in  the  statements 
of  the  problems. 
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Problem  1.    Resultant  op  Concurrent  Forces. 

(a)  Problem. — Given  the  following  concurrent  forces: 

1900  950  1700  750  2200 

'120^'         ^igQo;         ^»3i50'         ^^240*''         ^'ISO^* 

Forces  are  given  in  pounds.  Required  to  find  the  resultant,  R,  by  means  of  a  force 
diagram.  Check  by  calculating  R  by  the  algebraic  method.  Give  all  equations. 
Also  construct  check  force  polygon.  Give  amount  and  direction  of  the  resultant.  Scale 
for  force  polygon,  1"  =  400  lb. 

(b)  Methods. — Start  Pi  at  point  4",  3J^"  {x,  y,  using  lower  left-hand  corner 
of  the  border  as  the  origin  of  co-ordinates)  and  take  the  forces  in  the  order,  Pj,  P2, 
Pj,  P4,  P5.  Draw  check  polygon  starting  at  the  same  point  and  drawing  the  forces  in 
the  order  P2,  P4,  P5,  P»,  Pi,  as  described  in  Chapter  I. 

Calculate  the  value  of  R  in  amount,  line  of  action  and  direction  as  described  in 
Chapter  I. 

(c)  Results. — The  resultant  is  a  force  R  acting  through  the  point  of  intersection 
of  the  given  forces,  and  is  parallel  to  the  closing  line  in  the  force  polygon.  It  will  be 
seen  that  it  is  immaterial  in  what  order  the  forces  are  taken  in  calculating  the  resultant, 
R.  In  the  algebraic  solution  the  summation  of  the  horizontal  components  of  the 
forces,  including  the  resultant,  Rj  are  placed  equal  to  zero,  and  the  summation  of  the 
vertical  components  of  the  forces,  including  the  resultant,  Ry  are  placed  equal  to  zero. 
Solving  these  equations  we  have  the  value  of  /2,  and  the  angle  6,  which  R  makes  with 
the  X-axis. 

This  problem  ia  essentially  the  same  as  the  closure  of  a  survey  in  which  the  sum 
of  the  departures  east  and  west  of  the  point  of  closure  must  equal  zero,  and  the  sum  of 
the  latitudes  north  and  south  of  the  point  of  closure  must  equal  zero.  If  the  survey 
does  not  close',  the  length  of  the  closing  course  will  equal  the  square  root  of  the  sum  of 
the  square  of  the  sum  of  the  departures  and  the  square  of  the  sum  of  the  latitudes. 
The  tangent  of  the  angle  of  the  closing  course  will  be  equal  to  the  sum  of  the  departures 
divided  by  the  sum  of  the  latitudes. 

Problem  la.    Resultant  op  Concurrent  Forces. 

(a)  Problem. — Given  the  following  concurrent  forces; 

1800  1000  1700  p  750  2100 

Pi  2200  '         ^*  30*^   '         ^'  315** '  240** '  '  150^ ' 

Forces  are  given  in  pounds.  Required  to  find  the  resultant,  R,  by  means  of  a  force 
diagram.  Check  by  calculating  R  by  the  algebraic  method.  Give  all  equations.  Also 
construct  check  force  polygon.  Give  amount  and  direction  of  the  resultant.  Scale 
for  force  polygon,  1"  =  400  lb. 
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Problem  2.     Resultant  of  Non-concurrent  Forces. 

(a)  Problem. — Given  the  following  non-concurrent  forces: 

720  270  ,  350  210 

Pi  Y^o  (7.0",  6.3' ),      Pt  —  (0.5",  9.3"),      P,  —  (7.0",  6.6"),      P,  —  (0.8",  8.5 '.) 

Forces  are  given  in  pounds.  Find  resultant,  i2,  by  means  of  force  and  equilibrium 
polygons.  Check  by  calculating  R  by  means  of  a  new  force  polygon  and  a  new  equilib- 
rium polygon.     Also  check  as  described  below.     Scale  for  force  polygon,  1"  =  100  lb. 

(b)  Methods.— Start  force  polygon  at  (7.0",  1.0").  Take  pole  at  (3.8",  0.0"). 
Start  equilibrium  polygon  at  (7.0",  6.3").  Take  new  pole  at  (2.2",  0.0"),  and  draw 
new  polygon  starting  at  (7.0",  6.3"). 

(c)  Results. — The  resultant  is  a  force,  72,  and  acts  through  the  intersection  of  the 
strings  d^  e  and  d',  e',  and  is  parallel  to  the  closing  line  in  force  polygon.  If  correspond- 
ing strings  in  equilibrium  polygon  are  produced  to  an  intersection  the  points  of  inter- 
section, 1,  2  3,  4,  5,  will  lie  in  a  straight  line  which  will  be  parallel  to  the  line  0-0' 
joining  the  poles  of  the  force  polygons.  This  relation  is  due  to  the  reciprocal  nature 
of  the  force  and  equilibrium  polygons,  and  may  be  proved  as  follows:  In  the  force 
polygon  the  force  Pi  may  be  resolved  into  the  rays  c  and  d,  it  may  likewise  be  resolved 
into  the  rays  c'  and  d\  In  like  manner  it  will  be  seen  that  the  force  0-0'  can  be 
resolved  into  d  and  d\  or  into  c  and  c\  Now  if  the  strings  d  and  d'  are  drawn 
through  the  point  4,  and  the  strings  c  and  c'  are  drawn,  they  must  intersect  in  the  point 
4,  and  the  strings  c  and  (/  are  drawn,  they  must  intersect  in  the  point  3,  and  4-3  must 
be  parallel  to  0-0'.  For  the  resultant  of  d  and  d'  is  equal  to  0-0'  and  must  act  in  a 
line  parallel  to  0-0';  likewise  the  resultant  of  c  and  c'  is  equal  to  0-0'  and  must  act 
parallel  to  0-0';  and  in  order  to  have  equilibrium  3-4  must  be  parallel  to  0-0', 

In  like  manner  it  may  be  proved  that  1,  2,  3,  4,  5,  are  in  a  straight  line  parallel 
to  0-0', 

From  the  above  it  will  be  seen  that  to  have  equilibrium  in  a  system. of  non-con- 
current forces  it  is  necessary  that  the  force  polygon  and  its  corresponding  equilibrium 
polygons  must  close,  or  that  two  equilibrium  polygons  must  close. 

Also  see  discussion  of  Fig.  15  in  Chapter  I. 

Problem  2a.    Resultant  of  Non-concurrent  Forces. 
(a)  Problem. — Given  the  following  non-concurrent  forces: 

700  270  350  '  300 

Pi  YE^o  (7.0",  6.3"),      P,  —  (0.5",  9.3"),      P,  —  (7.0",  6.6"),      P,  —  (0.8",  8.5"). 

Forces  are  given  in  pounds.  Find  resultant,  R,  by  means  of  force  and  equUibrium 
polygons.  Check  by  calculating  R  by  means  of  a  new  force  polygon  and  rf  new 
equilibrium  polygon.  Also  check  as  described  in  Problem  2.  Scale  for  force  polygon, 
1"  =  100  lb. 
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Problem  3.    Test  of  Equilibrium  of  Forces. 

(a)  Problem. — Test  the  following  forces  for  equilibrium  by  means  of  force  and 
equilibrium  polygons: 

7.8  10.8  12.2 

Pi  —  (4.75",  0.0") ;        P,  —  (4.75",  7.7") ;        P,  —  (0.0",  7.0") ; 

13.2  19.35  11.3 

^'  300^  ^^•^^"'  ^-^"^ '        ^'  ^10^  (2-^^"'  ^'^"^ '        ^'  l50^  ^2-^^"'  ^•^"^- 

The  forces  are  given  in  tons.  Check  by  using  a  second  pole  and  equUibrium  polygon; 
also  draw  a  line  through  the  intersection  of  the  corresponding  rays,  and  check  as  in 
Problem  2.  Give  amount  and  direction  of  the  equilibrant.  Scale  of  forces,  1"  =  5 
tons. 

(b)  Methods.--Start  force  polygon  at  (0.8",  1.5").  Take  first  pole  at  (3.2",  2.7"). 
Start  equilibrium  polygon  at  (4.75",  9.1").  Take  second  pole  at  (4.0",  3.2").  Start 
second  equilibrium  polygon  at  (4.75",  8.2").  The  force  and  equilibrium  polygons 
are  drawn  as  described  in  Chapter  I. 

(c)  Results. — If  the  system  of  forces  was  in  equilibrium  the  equilibrium  polygons 
would  close,  and  the  first  and  last  strings  /  and  /,  and  /'  and  f  would  coincide,  respec- 
tively. The  equilibrant  will  be  equal  to  a  couple  with  a  moment  represented  by  the  rays 
/  or  /'  multiplied  by  the  distance  h  or  h\  In  general  in  any  system  of  non-concurrent 
forces  if  the  force  polygon  closes  the  equilibrant  of  the  system  is  a  couple.  If  the 
system  is  in  equilibrium  the  arm  of  the  couple  is  zero.  It  is  evident  that  in  order  that 
any  system  of  non-concurrent  forces  be  in  equilibrium  it  is  necessary  that  both  the 
force  polygon  and  an  equilibrium  polygon  must  close;  or  that  two  equilibrium  polygons 
must  close.  The  check  line  must  be  parallel  to  the  line  0-0'  joining  the  poles,  and  also 
pass  through  the  intersections  of  corresponding  rays  as  in  Problem  2. 

Problem  3a.    Test  of  Equilibrium  of  Forces. 

(a)  Problem. — Test  the  following  forces  for  equilibrium  by  means  of  force  and 
equilibrium  polygons' 

7.8  10.8  13.93 

Pi  ^o  (4.75",  0.0") ;        P,  —,  (4.75",  7.7") ;        P,  -^  (0.0",  7.0") ; 

13  2  20  35  12  3 

^'  305^  ^^•^^"'  ^-^"^ '        ^'  21^  ^^-^^"^  ^-^"^ '        ^'  15^  ^^•^^"'  ^•^"^• 

The  forces  are  given  in  tons.  Check  by  using  a  second  pole  and  equilibrium  polygon; 
also  draw  a  line  through  the  intersection  of  the  corresponding  rays,  and  check  as  in 
Problem  2.  Give  amount  and  direction  of  the  equilibrant.  Scale  of  forces,  1"  «  5 
tons. 
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Problem  4.     Resolution  of  Forces 

(a)  Problem. — Given  the  following  forces: 

13.2  5.0  3.2 

^1275^(1.0",  -);        ^«^(2.8",  -);        ^»^(6.8",  -)• 

Forces  are  given  in  tons.     (1)  Find  the  resultant,  R,  by  means  of  force  and  equilibrium 

?  ? 

polygons.     (2)  Resolve  R  into  two  parallel  forces  P'  r~  (3.2",  — )  and  P"  —  (6.4", 

— ).     (3)  Find  the  moment,  Af,  of  R  about  a  point  Z  at  (4.0",  — ).     Check  by  the 
algebraic  method  giving  all  equations.     Scale  of  forces,  1"  =  5  tons. 

(b)  Methods.— Start  force  polygon  at  (5.7",  0.5"),  and  take  pole  at  (1.7",  3.0"). 
In  the  algebraic  method  take  moments  about  the  left  border  in  finding  the  point  of 
application  of  -R,  and  take  moments  in  the  line  of  action  of  P"  in  resolving  R  into  P' 
and  P". 

Read  the  discussion. of  Fig.  7  and  Fig.  8,  Chapter  I,  and  Fig.  1  and  Fig.  2,  Chapter 
IV,  before  starting  to  solve  this  problem. 

(c)  Results. — (1)  The  position  of  R  is  at  the  intersection  of  strings  a  and  d. 
(2)  Prolong  string  a  until  it  intersects  P',  take  the  intersection  of  string  d  with  P"; 
then  string  e  is  the  closing  line  of  the  polygon.  (3)  The  moment  of  R  is  found  graph- 
ically by  multiplying  the  intercept,  t/,  by  the  pole  distance,  H,  (4)  To  find  position 
of  R  algebraically  take  moment  of  Pi,  Pj,  and  Pj,  about  the  left  border,  and  divide  by 
Rf  which  is  the  sum  of  Pi,  Pj,  Pj.  (5)  The  moment  of  R  about  Z  is  equal  to  iJ  ^  (4.0 
-  2.28)"    =  36.8  in.-tons. 

Problem  4a.     Resolution  of  Forces. 
(a)  Problem. — Given  the  following  forces; 

Pi  ^(1.0",  -);        P*  1^(2.8",  ~);        ^»  1^(7.0",  -). 

Forces  are  given  in  tons.     (1)  Find  the  resultant,  Ry  by  means  of  force  and  equilibrium 

?  ? 

polygons.     (2)  Resolve  R  into  two  parallel  forces  P'  —  (3.2",  — )  and  P"  —  (5.4", 

— ).     (3)  Find  the  moment,  M ,  of  R  about  a  point  Z  at  (4.5",  — ).     Check  by  the  alge- 
braic method  giving  all  equations.     Scale  of  forces,  1"  =  5  tons. 
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Problem  5.    Center  of  Gravity  of  an  Area. 

(a)  Problem* — Find  the  center  of  gravity  of  the  given  figure  about  the  X-  and  Y- 
axes  by  graphics.  Give  the  co-ordinates  of  the  C.  G.  referred  to  0  as  the  origin.  Show 
all  force  and  equilibrium  polygons.  Check  by  the  algebraic  method  stating  all  equa- 
tions.   Scale  of  figure,  1"  «  1".     Scale  of  forces,  1"  =  1  sq.  in. 

(b)  Methods. — Start  force  polygon  (b)  at  point  (2.9",  8.8")  and  take  pole  at 
(5.6",  6.4").  Start  force  polygon  (c)  at  (6.9",  0.6"),  and  take  pole  at  (3.25",  2.8"). 
In  the  algebraic  check  take  moments  about  the  left-hand  edge  and  the  lower  edge  of 
the  figure. 

Read  the  discussion  of  Fig.  16,  Chapter  I  before  starting  to  solve  the  problem. 

(c)  Results. — The  center  of  gravity  of  the  figure  will  come  at  the  intersection  of 
the  resultants  R  and  22',  which  is  at  the  center  of  area.  The  areas  Pi,  Ps,  and  Pj, 
may  bo  taken  as  acting  at  any  angle,  but  maximum  accuracy  is  attained  when  the 
forces  are  assumed  as  acting  at  right  angles.  If  the  figure  has  an  axis  of  symmetry 
(an  axis  such  that  every  point  on  one  side  of  the  axis  has  a  corresponding  point  on  the 
other  side  at  the  same  distance  from  the  axis)  but  one  force  and  equilibrium  polygon  is 
required. 

To  calculate  the  center  of  gravity  of  an  irregular  figure  or  a  figure  with  curved 
sides,  as  for  example  the  cross-section  of  a  railroad  rail,  it  is  necessary  to  divide  the  area 
up  into  segments;  the  area  of  each  segment  will  be  assumed  as  a  load  acting  through 
the  center  of  gravity  of  the  segment. 

Problem  5a.    Center  of  Gravity  of  an  Area. 

(a)  Problem. — Find  the  center  of  gravity  of  a  6"  X  4"  X  1"  angle  with  the 
long  leg  vertical  and  short  leg  to  the  right  about  the  X-  and  K-axes  by  graphics.  Give 
the  co-ordinates  of  the  C.  G.  referred  to  0  as  the  origin.  Show  all  force  and  equilibrium 
polygons.  Check  by  the  algebraic  method  stating  all  equations.  Scale  of  figure, 
1"  -  2".     Scale  of  forces,  1"  =  2  sq.  in. 
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Problem  6.     Moment  of  Inertia  of  an  Area. 

(a)  Problem. — ^Calculate  the  moment  of  inertia,  /,  of  a  standard  V  [  @  13.25  lb., 
about  an  axis  through  its  center  at  right  angles  to  the  web:  (1)  By  Culmann's  approxi- 
mate method;  (2)  by  Mohr's  approximate  method;  (3)  by  the  algebraic  method. 
Omit  the  fillets.     Scale  of  channel,  1"  =  1".     Scale  of  forces,  1"  =  I  sq.  in. 

(b)  Methods. — Divide  the  channel  into  convenient  sections  and  consider  the  areas 
as  forces  acting  through  their  centers  of  gravity.  (1)  Culmann's  method.  Fig.  17, 
Chapter  I.  Start  force  polygon  (a)  at  (3.5",  9.1"),  and  take  pole  at  (5.45",  4.6"). 
Draw  equilibrium  polygon  (b).  Now  with  intercepts  a-6,  b-c,  c-d,  d--e,  e-fy  f-g,  g-h, 
h-i,  as  forces,  and  a  new  pole  at  (4.5",  0.1")  construct  equilibrium  polygon  (d).  The 
moment  of  inertia  is  (approximately)  I  =  H  X  H*  X  y.  (2)  Mohr's  method,  Fig.  18, 
Chapter  I.  Calculate  the  area  of  the  equilibrium  polygon  (b)  by  means  of  the  plani- 
meter  or  by  dividing  it  into  triangles  and  (approximately)  I  =  area  equilibrium  polygon 
(b)  X  2H.  If  the  area  is  divided  into  an  infinite  number  of  sections,  or  if  the  true 
curve  of  equilibrium  be  drawn  through  the  points  determined,  this  method  gives  the 
true  value  of  /.  (3)  Algebraic  method.  The  moment  of  inertia  about  the  center 
line  is  /  =  /'  +  AcF  +  2/"  where  /'  =  moment  of  inertia  of  the  main  rectangle; 
A  —  area  of  the  two  flanges;  d  =  distance  of  the  center  of  gravity  of  the  flanges  from 
the  center  line;  and  /"  =  moment  of  inertia  of  each  flange  about  an  axis  through  its 
center  of  gravity  parallel  to  the  center  line. 

The  radius  of  gyration  of  the  section  about  a  rectangular  axis  is  r.  =  Vz,  -5-  A, 

for  the  X-axis  and  Ty  =  V7^~4rZ,  for  the  F-axis.     For  the  9"  [  @  13.25  lb.,  from 
Table  14,  "Structural  Engineers'  Handbook,"  r,  =  3.49  in.,  and  ry  =  0.674  in. 

(c)  Results. — The  algebraic  method  gives  the  true  value  of  /;  Mohr's  method 
gives  a  value  more  nearly  correct  than  Culmann's  method,  as  would  have  been  ex- 
pected. The  values  of  /  given  in  the  various  hand-books  are  calculated  by  the 
algebraic  method. 

Problem  6a.    Moment  of  Inertia  of  an  Area. 

(a)  Problem. — Calculate  the  moment  of  inertia,  /,  of  a  standard  9"  [  @  15  lb., 
about  an  axis  through  its  center  at  right  angles  to  the  web:  (1)  By  Culmann's  approxi- 
mate method;  (2)  by  Mohr's  approximate  method;  (3)  by  the  algebraic  method. 
Omit  the  fillets.    Scale  of  channel,  1"  =  1".    Scale  of  forces,  1"  =  1  sq.  in. 
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Pboblem  7.    Construction  of  an  Inertia  Ellipse  and  an  Inertia  Circle. 

(a)  Problem.— Given  the  following  data  for  an  angle  7"  X  3>^"  XI";  A  ^  9.50 
sq.  in.,  /j  =  7.53"*,  h  =  45.37"-';  n  =  0.89";  r,  =  2.19";  r,  =  0.74";  tana  =  0.241; 
C.  G.  (2.71",  0.96"),  see  Table  24,  '* Structural  Engineers'  Handbook."  (1)  Construct 
the  inertia  ellipse.  (2)  Construct  the  inertia  circle.  Omit  the  fillets.  Scale  of  the 
angle,  1"  =  1". 

(b)  Methods. — (1)  Inertia  Ellipse. — Construct  Bngle  a,  tana  =  0.241;  and  draw 
axes  3-3  and  4-4,  which  are  the  principal  axes  of  the  inertia  ellipse.  Calculate  u 
from  the  relation  Ii  +  U  =  1%  +  /*,  from  which  ri*  -f  rj*  =  r%^  +  u^,  and  Ta  =  2.25". 
Construct  the  enclosing  rectangle  of  the  ellipse  on  the  axes  3-3  and  4-4,  and  inscribe 
an  ellipse  in  this  rectangle;  this  ellipse  is  the  central  inertia  ellipse. 

Calculate  Zi_2  from  the  relation  Zi_2  =  AiXhi  Xki  -\-  AtX  htX  kt.  Also 
calculate  Ci  and  cj  from  the  relation  Zi_i  =  A'Cvrt  =  A'CfTi.  Compare  the  calculated 
values  of  Ci  and  Cs  with  the  scaled  values  on  the  ellipse.  Note  that  Ci  and  Ct  are  zero  for 
the  principal  axes. 

(2)  Inertia  Circle. — Calculate  the  product  of  inertia,  Zi_j  =  —  9.67.  From  any 
given  point,  a,  lay  off  I\  =  7.53  to  the  left  extending  to  6,  lay  off  /»  =  45.37  to  the 
right  from  6,  and  extending  to  c.  At  a  erect  a  perpendicular  a-d  =  Zi_i  =  —  9.67. 
Then  with  center  0,  midway  between  a  and  c,  and  with  a  radius  0-d  describe  a  circle, 
which  will  be  the  inertia  circle.  A  line  drawn  through  d  and  e  will  be  parallel  to  the 
principal  axis  4-4,  and  the  diameter  of  the  inertia  circle  will  be  the  maximum  value  of 

/2-/1. 

Read  the  discussion  of  Fig.  6,  and  Fig.  7,  Chapter  XII,  before  starting  to  solve  this 
problem. 

(c)  Results. — (1)  The  inertia  ellipse  drawn  is  the  central  ellipse  of  inertia,  and 
is  the  smallest  ellipse  that  can  be  drawn.  The  radii  of  gyration  about  any  axis  can  be 
found  directly  from  the  inertia  ellipse.  (2)  The  moments  of  inertia  about  any  axis 
can  be  found  directly  from  the  circle  of  inertia. 

The  least  radii  of  gyration  of  two  starred  angles  with  unequal  legs  as  given  in 
Table  67,  "Structural  Engineers*  Handbook"  were  calculated  by  the  Inertia  Circle 
method  described  in  this  problem. 

Problem  7a.     Construction  of  an  Inertia  Ellipse  and  an  Inerti.i  Circle. 

(a)  Problem.— Given  the  data  for  an  angle  7"  X  3?^"  X  J^";  see  Table  24, 
"Structural  Engineers' Handbook."  (1)  Construct  the  inertia  ellipse.  (2)  Construct 
the  inertia  circle.     Omit  the  fillets.     Scale  of  the  angle,  1"  =  1". 

References:  "The  Determination  of  Unit  Stresses  in  the  General  Case  of  Flexure" 
by  Professor  L.  J.  Johnson  in  Assoc.  Eng.  Soc,  Vol.  XXVIII;  Appendix  D.  Maurer's 
"  Technical  Mechanics  ";  MuUer-Breslau's  "  Graphische  Statik  der  Baukonstruktionen," 
Band  I. 
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Pboblem  8.    Stresses  in  a  Roof  Truss  by  Graphic  and  Algebraic  Resolution. 

(a)  Problem.— Given  a  Fink  truss,  span  40'-0",  pitch  30°;  trusses  spaced  12'-0"; 
load  40  lb.  per  sq.  ft.  of  horizontal  projection.  Calculate  the  reactions  by  means  of 
force  and  equilibrium  polygons.  Calculate  the  stresses  by  graphic  resolution,  and  check 
by  algebraic  resolution.     Scale  of  truss,  1"  =  8'-0".     Scale  of  loads,  1"  =  6,000  lb. 

The  joint  load  will  be  P  =  10  X  12  X  40  =  4,800  lb. 

(b)  Methods. — Start  force  polygon  at  (6.25",  5.6").  Lay  off  the  loads  in  the 
order  Pi,  P2,  P'l,  from  the  top  downward.  Construct  a  force  polygon,  and  draw  an 
equilibrium  polygon  as  in  Fig.  7,  and  calculate  the  reactions  Ri  and  Ri  by  means  of  the 
closing  line  as  in  Fig.  8,  Chapter  I.  Construct  stress  diagram  as  described  in  Fig.  5, 
Chapter  II,  beginning  at  Lq  and  analyzing  the  joints  in  the  order,  Lo,  C/i,  Li,  U2,  etc., 
checking  at  L'o.  Arrows  acting  toward  joints  in  the  truss  and  toward  the  ends  of  the 
lines  in  the  stress  diagram  indicate  compression,  while  arrows  acting  away  from  the 
joints  and  ends  of  lines  respectively,  indicate  tension.  Use  one  arrow  in  the  stress 
diagram  the  first  time  a  force  is  used,  and  two  arrows  the  second  time.  In  algebraic 
resolution  the  sum  of  the  horizontal  components  at  any  joint  are  placed  equal  to  zero, 
and  the  sum  of  the  vertical  components  are  placed  equal  to  zero,  and  the  solution  of 
these  two  sets  of  equations  gives  the  required  stresses. 

Before  starting  to  solve  this  problem,  read  Chapter  II  and  Chapter  III,  very 
carefully. 

(c)  Results. — The  top  chord  is  in  compression,  while  the  bottom  chord  is  in  tension. 
In  the  Fink  truss  it  will  be  seen  that  the  long  web  members  are  in  tension,  while  the 
short  web  members  are  in  compression.     This  makes  a  very  economical  truss. 

For  a  description  of  the  different  types  of  roof  trusses,  see  Chapter  XXV. 

Problem  8a.    Stresses  in  a  Roof  Truss  by  Graphic  and  Algebraic  Resolution. 

(a)  Problem. — Given  a  Fink  truss,  span  40'-0",  pitch  J^;  trusses  spaced  14'-0"; 
load  40  lb.  per  sq.  ft.  of  horizontal  projection.  Calculate  the  reactions  by  means  of 
force  and  equilibrium  polygons.  Calculate  the  stresses  bj'  graphic  resolution,  and 
check  by  algebraic  resolution.    Scale  of  truss,  1"  =  8'-0".    Scale  of  loads,  1"  =  5,0001b. 
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Problem  9.    Dead  Load  Stresses  in  a  Triangular  Truss  bt  Graphic 

resolution. 

(a)  Problem. — Given  a  triangular  truss,  span  GC-O";  pitch  J^;  camber  of  the 
bottom  chord  3'-0";  trusses  spaced  14'-0";  load  40  lb.  per  sq.  ft.  of  horizontal  pro- 
jection. Calculate  the  reactions  by  means  of  force  and  equilibrium  polygons.  Calcu- 
late the  stresses  by  graphic  resolution.  Scale  of  truss,  1"  =  lO'-O".  Scale  of  loads, 
I"  =  6,000  lb. 

(b)  Methods. — Start  the  truss  at  (0.75'',  7.0'0-  Start  the  stress  diagram  at 
(6.75'',  6.25").  Calculate  the  stresses  beginning  at  Ri,  as  described  in  Fig.  5,  Chapter 
II,  using  care  to  analyze  each  joint  before  proceeding  to  the  next.     Check  at  Rt. 

The  dead  joint  load  will  be  equal  to  the  horizontal  projection  of  the  area  supported 
by  a  panel  point,  multiplied  by  the  dead  load  per  square  foot,  is  equal  to  14  X  7}4  X  40 
«  4,200  lb. 

(c)  Results. — The  upper  chord  is  in  compression  while  the  lower  chord  is  in 
tension.  The  vertical  web  members  are  in  compression  while  the  inclined  web  members 
are  in  tension  for  dead  loads.  As  a  check  the  points  2,  4,  6,  should  be  in  a  straight  line. 
The  partial  loads  coming  on  the  reactions  (not  shown)  are  not  considered  as  they  have 
no  effect  on  the  stresses  in  the  truss.  This  truss  is  a  triangular  Pratt  and  is  quite 
economical,  but  is  somewhat  more  expensive  in  material  and  labor  than  the  Fink  truss. 
This  type  of  truss  is  much  used  for  combination  trusses,  in  which  the  tension  members 
are  made  of  iron  or  steel,  while  the  compression  members  are  made  of  timber. 

The  stress  in  lower  tie  7-Y  may  be  checked  by  taking  moments  about  the  peak 
of  the  truss.  Stress  7-Y  X  17  =  -  i2i  X  30  -h  3P  X  15  =  -  14,700  X  30  +  3 
X  4,200  X  15.     Stress  7-Y  =  -  14,800  lb. 

For  a  description  of  the  different  types  of  roof  trusses,  see  Chapter  XXV. 

Before  starting  to  solve  this  problem,  read  Chapter  I  and  Chapter  II. 

• 

Problem  9a.    Dbad  Load  Stresses  in  a  Triangular  Truss  bt  Graphic 

Resolution. 

(a)  Problem. — Given  a  triangular  truss,  span  60'-0";  pitch  J^;  camber  of  the 
bottom  chord  2'-0";  trusses  spaced  16'-0";  load  40  lb.  per  sq.  ft.  of  horizontal  pro- 
jection. Calculate  the  reactions  by  means  of  force  and  equilibrium  polygons.  Calcu- 
late the  stresses  by  graphic  resolution.  Scale  of  truss,  1'^  «=  lO'-O''.  Scale  of  loads, 
1"  -  6.000  lb. 
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Problem  9.    Dead  Load  Stresses  in  a  Triangular  Truss  bt  Graphic 

Resolution. 

(a)  ProHem. — Given  a  triangular  truss,  span  60'-0";  pitch  J^;  camber  of  the 
bottom  chord  3'-0";  trusses  spaced  14'-0";  load  40  lb.  per  sq.  ft.  of  horizontal  pro- 
jection. Calculate  the  reactions  by  means  of  force  and  equilibrium  polygons.  Calcu- 
late the  stresses  by  graphic  resolution.  Scale  of  truss,  I"  =  lO'-O".  Scale  of  loads, 
1"  =  5,000  lb. 

(b)  Methods. — Start  the  truss  at  (0.75'',  7iO'0>  Start  the  stress  diagram  at 
(6.75'',  6.25").  Calculate  the  stresses  beginning  at  Ri,  as  described  in  Fig.  5,  Chapter 
II,  using  care  to  analyze  each  joint  before  proceeding  to  the  next.     Check  at  R2. 

The  dead  joint  load  will  be  equal  to  the  horizontal  projection  of  the  area  supported 
by  a  panel  point,  multiplied  by  the  dead  load  per  square  foot,  is  equal  to  14  X  7J^  X  40 
=  4,200  lb. 

(c)  Results. — The  upper  chord  is  in  compression  while  the  lower  chord  is  in 
tension.  The  vertical  web  members  are  in  compression  while  the  inclined  web  members 
are  in  tension  for  dead  loads.  As  a  check  the  points  2,  4,  6,  should  be  in  a  straight  line. 
The  partial  loads  coming  on  the  reactions  (not  shown)  are  not  considered  as  they  have 
no  effect  on  the  stresses  in  the  truss.  This  truss  is  a  triangular  Pratt  and  is  quite 
economical,  but  is  somewhat  more  expensive  in  material  and  labor  than  the  Fink  truss. 
This  type  of  truss  is  much  used  for  combination  trusses,  in  which  the  tension  members 
are  made  of  iron  or  steel,  while  the  compression  members  are  made  of  timber. 

The  stress  in  lower  tie  7-Y  may  be  checked  by  taking  moments  about  the  peak 
of  the  truss.  Stress  7-Y  X  17  =  -  i2i  X  30  +  3P  X  15  =  -  14,700  X  30  -h  3 
X  4,200  X  15.    Stress  7~Y  =  -  14,800  lb. 

For  a  description  of  the  different  types  of  roof  trusses,  see  Chapter  XXV. 

Before  starting  to  solve  this  problem,  read  Chapter  I  and  Chapter  II. 

Problem  9a.    Dead  Load  Stresses  in  a  Trla.noular  Truss  bt  Graphic 

Resolution. 

(a)  Problem. — Given  a  triangular  truss,  span  60'-0";  pitch  J^;  camber  of  the 
bottom  chord  2'-0";  trusses  spaced  16'-0";  load  40  lb.  per  sq.  ft.  of  horizontal  pro- 
jection. Calculate  the  reactions  by  means  of  force  and  equilibrium  polygons.  Calcu- 
late the  stresses  by  graphic  resolution.  Scale  of  truss,  1''  «=  lO'-O''.  Scale  of  loads, 
1"  =  5,000  lb. 
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Problem  10.     Wind  Load  Stresses  in  a  Triangular  Truss — No  Rollers — ^bt 

Graphic  Resolution. 

(a)  Problem. — Given  a  triangular  truss,  span  60'-(K',  pitch  J^,  camber  of  lower 
chord  3'-0",  trusses  spaced  14'-0",  wind  load  normal  component  of  a  horizontal  wind 
load  of  30  lb.  per  sq.  ft.,  no  rollers.  For  the  normal  component  of  a  horizontal  wind 
load,  see  Duchemin's  formula  in  Chapter  XXIV.  Calculate  the  reactions  by  means 
of  force  and  equilibrium  polygons.  Calculate  the  stresses  by  graphic  resolution.  Take 
P  as  3,300  lb.     Scale  of  truss,  1"  =  lO'-O".     Scale  of  loads,  1"  =  3,000  lb. 

(b)  Methods. — Start  stress  diagram  at  (4.65",  6.6").  The  reactions  will  be  parallel 
to  each  other  and  to  the  resultant  of  the  external  loads.  The  equilibrium  polygon  may 
be  started  at  any  convenient  point  in  one  reaction,  closing  up  on  the  other  one.  The 
closing  line  of  the  equilibrium  polygon  will  always  have  its  end  in  the  reactions.  The 
calculation  of  stresses  is  begun  at  /2i,  and  is  checked  up  at  Rt, 

Before  starting  the  solution  of  this  problem,  read  Chapter  III. 

(c)  Results. — The  stresses  are  of  the  same  kind  in  the  chords  as  for  dead  loads  as 
given  in  Problem  9,  while  the  webs  on  the  leeward  side  are  not  stressed.  The  load  P© 
has  no  effect  on  the  stresses  in  the  truss.  Calculate  the  vertical  component  of  the  wind 
load  by  means  of  Duchemin's  formula,  as  plotted  in  Fig.  4,  Chapter  XXIV.  The 
normal  wind  joint  load  will  be  equal  to  14  X  9  X  26  =  3,276,  which  is  taken  as  3,300  lb. 
For  a  discussion  on  the  different  conditions  of  the  ends  of  trusses,  see  Chapter  III. 

If  the  reaction  Rt  passes  above  the  peak  of  the  truss,  the  upper  chord  will  be  in 
compression  and  the  lower  chord  will  be  in  tension;  if  R^  passes  through  the  peak  of 
the  truss,  the  top  chord  will  be  in  compression  and  the  bottom  chord  will  have  zero 
stress;  if  Ri  passes  below  the  peak  of  the  truss,  the  top  chord  will  be  in  tension  and  the 
bottom  chord  will  be  in  compression. 

Problem  10a.    Wind  Load  Stresses  in  a  Triangular  Truss — No  Rollers — by 

Graphic  Resolution. 

(a)  Problem. — Given  a  triangular  truss,  span  60'-0",  pitch  Vs,  camber  of  lower 
chord  2'-0",  trusses  spaced  16'-0",  wind  load  normal  component  of  a  horizontal  wind 
load  of  30  lb.  per  sq.  ft.,  no  rollers.  Calculate  the  reactions  by  means  o"  fdrce  and 
equilibrium  polygons.  Calculate  the  stresses  by  graphic  resolution.  Take  P  as  3,800 
lb.    Scale  of  truss,  1"  =  lO'-O".    Scale  of  loads,  1    =  3,000  lb 
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Pboblem  11.    Dead  Load  Stbbssbs  in  a  Fink  Tbubs  bt  Gbaphic  Resolution. 

(a)  Problem. — Given  a  Fink  truss,  span  60'-0",  pitch  }4,  camber  of  lower  truss 
3'-0  ',  trusses  spaced  14'-0",  load  40  lb.  per  sq.  ft.  of  horizontal  projection.  Calculate 
the  reactions  by  means  of  force  and  equilibrium  polygons.  Calculate  the  stresses  by 
graphic  resolution.  Scale  of  truss,  1"  =  KK-O".  Scale  of  loads,  1'  =  5,000  lb.  Calcu- 
late the  stress  in  lower  tie  7-Y  by  algebraic  moments. 

(b)  Methods. — Start  the  truss  at  (0.75'',  7.0")*  Start  the  stress  diagram  at 
(6.75'',  6.25").  Calculate  the  stresses  as  described  in  Fig.  1,  Chap.  Ill,  replacing  the 
members  4-5  and  5-6,  temporarily  by  the  dotted  member  shown.  The  stress  diagram 
is  then  carried  through  to  the  point  7,  and  then  the  stresses  in  members  5-6  and  4-5 
are  easily  obtained.     Carry  the  stress  diagram  through  and  check  at  £2. 

Before  starting  the  solution  of  this  problem,  read  Chapter  III. 

(c)  Results. — The  upper  chord  is  in  compression  and  the  lower  chord  is  in  tension, 
the  stresses  being  practically  the  same  as  in  the  triangular  truss  in  Problem  9.  In  the 
webs  it  will  be  seen  that  the  long  members  are  in  tension,  while  the  short  members  are 
in  compression.  The  loads  coming  on  the  reaction  are  not  considered,  as  they  have  no 
effect  on  the  stresses  in  the  truss,  as  can  be  seen  by  comparing  with  the  truss  in  Fig.  1, 
Chapter  III.  As  a  check  the  points  1,  2,  5,  6,  in  the  stress  diagram  should  be  in  a 
straight  line.  The  dead  joint  load  will  be  equal  to  the  horizontal  projection  of  the  area 
supported  by  a  panel  point,  multiplied  by  the  dead  load  per  square  foot,  is  equal  to 
14  X  73^  X  40  =  4,200  lb. 

The  stress  in  lower  tie  7-Y  may  be  checked  by  taking  moments  about  the  peak  of 
the  truss.  Stress  7-Y  X  17  =  -  i^i  X  30  +  3Pi  X  15  «  -  14,700  X  30  -  3  X  4,200 
X  15.     Stress  7-Y  =  -  14,820  lb. 

Pboblem  11a.    Dead  Load  Stbesses  in  a  Fink  Tbxtsb  by  Gbaphic  Resolution. 

(a)  Problem. — Given  a  Fink  truss,  span  60'-0",  pitch  J^,  camber  of  lower  truss 
2'-0",  trusses  spaced  16'-0",  load  40  lb.  per  sq.  ft.  of  horizontal  projection.  Calculate 
the  reactions  by  means  of  force  and  equilibrium  polygons.  Calculate  the  stresses  by 
graphic  resolution.  Scale  of  truss,  1"  =  lO'-O".  Scale  of  loads,  1"  =  5,000  lb.  Calcu- 
late the  stress  in  lower  tie  7-Y  by  algebraic  moments. 
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Pbobleh  12.    Wind  Load  Stresses  in  a  Fink  Truss — Rollers  Leeward — by 

Graphic  Resolution. 

(a)  Problem. — Given  the  same  truss  as  in  Problem  11.  Wind  load  to  be  the 
normal  component  of  a  horizontal  wind  load  of  30  lb.  per  sq.  ft.  The  truss  is  assumed 
to  have  frictionless  rollers  under  the  leeward  side.  Calculate  the  reactions  by  means  of 
force  and  equilibrium  polygons.  Calculate  the  stresses  by  graphic  resolution.  Scale 
of  truss,  1"  =  lO'-O".  Scale  of  loads,  1"  =  3,000  lb.  Calculate  the  stress  in  lower 
tie  7-Y  by  algebraic  moments. 

(b)  Methods. — Start  stress  diagram  at  (4.75",  6.55").  The  reaction  R2  will  be 
vertical,  while  the  direction  of  jBi  will  be  unknown.  Use  the  method  of  calculating  the 
reactions  described  in  Fig.  4,  Chapter  III;  noting  that  the  vertical  components  of  the 
reactions  are  independent  of  the  conditions  of  the  ends  of  the  truss.  In  calculating 
the  stresses  the  ambiguity  of  stresses  at  point  3-4-7-4-y  is  removed  by  substituting  the 
dotted  member  shown,  for  members  4-5  and  5-6.  The  calculation  of  the  stresses  is 
begun  at  Ri  ,and  is  checked  up  at  R2. 

The  stress  in  the  lower  tie  7-Y  may  be  calculated  by  taking  moments  about  the 
peak  of  the  truss.  Stress  7-Y  X  17  =  -  R  X  30  =  3,900  X  30.  Stress  7-Y=  - 
6,890  lb. 

(c)  Results. — The  load  Pi  has  no  effect  on  the  stresses  in  the  truss.  The  stresses 
in  the  members  are  of  the  same  kind  as  for  dead  loads  as  given  in  Problem  11,  except 
that  there  are  no  stresses  in  the  web  members  on  the  leeward  side.  The  stresses  in  the 
web  members  on  the  windward  side  of  the  truss  are  due  to  the  joint  loads. 

Problem  12a.     Wind  Load  Stresses  in  a  Fink  Truss — Rollers  Leeward — ^by 

Graphic  Resolution. 

(a)  Problem. — Given  the  same  truss  as  in  Problem  11a.  Wind  load  to  be  the 
normal  component  of  a  horizontal  wind  load  of  30  lb.  per  sq.  ft.  The  truss  is  assumed  to 
have  frictionless  rollers  under  the  leeward  side.  Calculate  the  reactions  by  means  of 
force  and  equilibrium  polygons.  Calculate  the  stresses  by  graphic  resolution.  Scale 
of  truss  ,1"  =  lO'-O".  Scale  of  loads,  1"  =  3,000  lb.  Calculate  the  reactions  by  the 
direct  method  used  in  Problem  13.  Check  the  stress  in  the  lower  tie  7-Y  by  algebraic 
moments. 
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Problem  13.     Wind  Load  Stresses  in  a  Fink  Truss — Rollers  on  the 

Windward  Side — by  Graphic  Resolution. 

(a)  Problem. — Given  the  same  truss  and  wind  load  as  in  Problem  12,  and  with 
rollers  under  the  windward  side.  Calculate  the  reactions  by  means  of  force  and 
equilibrium  polygons.  Calculate  the  stresses  by  graphic  resolution.  Scale  of  truss, 
1"  =  lO'-O".  Scale  of  loads,  1"  =  3,000  lb.  Calculate  the  stress  in  lower  tie  7-Y 
by  algebraic  moments. 

(b)  Methods. — Start  stress  diagram  at  (4.6",  6.7").  Reaction  Ri  will  be  vertical, 
while  the  direction  of  Ri  will  be  unknown,  the  only  known  point  in  its  line  of  action 
being  at  the  right  end  of  the  truss.  Use  the  method  for  finding  the  reactions  described 
in  Fig.  4,  Chapter  III.  In  this  solution  the  equilibrium  polygon  is  started  at  the  right 
reaction,  the  only  known  point  in  Rt^  and  the  polygon  is  drawn.  The  intersection  of 
Ri  in  the  force  polygon,  and  a  line  through  0,  parallel  to  the  closing  line  is  at  F,  and  Ri 
is  then  determined  in  magnitude  and  direction.  The  stress  diagram  is  carried  through 
and  checked  at  Ri* 

To  calculate  the  stress  in  lower  tie  7-Y,  take  moments  about  the  peak  of  the  truss. 

Stress  7-Y  X  17  =   -  fii  X  30  +  4  X  3,300  X  M  V30*  +  20^  =   -  7,000  X  30 
+  13,200  X  18.     Stress  7-Y  =  1,620  lb. 

(c)  Results. — The  load  Pi  must  be  considered  as  it  produces  stresses  in  the  truss. 
If  Ri  coincides  with  the  top  chord  there  will  be  no  stresses  in  the  other  members  of  the 
truss  on  the  leeward  side;  if  line  of  action  of  Ri  passes  outside  and  above  the  truss  the 
lower  chord  will  be  in  tension;  while  if  the  line  of  action  is  below  the  upper  chord  the 
lower  chord  will  be  in  compression.  These  statements  may  be  checked  by  taking 
moments  about  the  upper  peak  of  the  truss.  It  will  be  seen  in  Problems  11,  12,  and  13 
that  there  will  be  no  reversal  of  stress  when  the  dead  load  and  wind  load  stresses  are 
combined.  This  is  commonly  true  for  simple  Fink  trusses  resting  on  walls;  but  is  not 
true  for  Fink  trusses  supported  on  columns,  nor  is  it  always  true  for  Fink  trusses  simply 
supported. 


Problem  13a.     Wind  Load  Stresses  in  a  Fink  Truss — Rollers  on  the 

Windward  Side — by  Graphic  Resolution. 

(a)  Problem. — Given  the  same  truss  and  wind  load  as  in  Problem  12a,  and  with 
rollers  under  the  windward  side.  Calculate  the  reactions  by  means  of  force  and 
equilibrium  polygons.  Calculate  the  stresses  by  graphic  resolution.  Scale  of  truss, 
1"  =  lO'-O' .  Scale  of  loads,  1"  =  3,000  lb.  Calculate  the  stress  in  the  lower  tie  7-Y 
by  algebraic  moments. 
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Problem  14.    Wind  and  Ceiling  Load  Stbesseb  in  an  Unsymmetrical  Truss, 

BY  Graphic  Resolution. 

(a)  Problem. — Given  the  unsymmetrical  triangular  truss,  span  50'-0",  height 
16'-0",  rollers  leeward,  wind  joint  load  4,000  lb.,  ceiling  joint  load  3,000  lb.  Calculate 
the  stresses  due  to  both  systems  of  loading  by  graphic  resolution.  Scale  of  truss, 
1"  =  8'-0".  Scale  of  loads,  1"  =  4,000  lb.  Calculate  the  stress  in  lower  tie  4-Y  by 
algebraic  moments. 

(b)  Methods. — Calculate  the  reactions  due  to  the  wind  loads,  using  the  method  of 
Fig.  3,  Chapter  III.  Calculate  the  reactions  due  to  ceiling  loads.  Then  place  the  Y 
point  of  the  wind  load  line  on  the  point  separating  the  ceiling  load  reactions  (the  X 
point).  The  wind  loads  are  laid  off  in  order  downwards,  while  the  ceiling  loads  are 
laid  off  in  order  upwards.  The  left  reaction,  -Ri,  is  the  resultant  of  R\w  and  R\d  whlie 
the  right  reaction,  /^2,  is  the  resultant  of  R2W  and  R^p,  The  calculation  of  the  stresses 
is  begun  at  R\y  as  in  Problem  10.  The  stresses  are  then  calculated  by  passing  to  joint 
Ci,  then  to  joint  P2,  then  to  d,  etc.,  until  the  stress  diagram  is  checked  up  at  Rt- 

To  calculate  the  stress  in  lower  tie  4-Y  take  moments  about  joint  where  load  Pa 
is    applied.     Stress   4-7  X   10.67  =  -  &  X  30  +  C,  X  10  -f  C4   X  20  +  P4   X 

li  V30«  +  16*  =  -  10,050  X  30  +  3,000  X  10  +  3,000  X  20  +  2,000  X  11.33.    Stress 
4-Y  =  -  17,700  lb. 

(c)  Results. — The  members  1-2  and  7-8  are  simply  hangers  to  carry  the  ceiling 
loads.  The  triangular  truss  in  this  problem  is  of  the  Howe  type,  the  verticals  being  in 
tension,  while  the  diagonal  web  members  are  in  compression.  This  truss  is  expensive 
to  build  of  iron  or  steel  but  is  quite  a  satisfactory  type  where  iron  is  expensive  and 
wood  is  cheap,  and  is  used  for  the  struts. 


Problem  14a.     Wind  and  Ceiling  Load  Stresses  in  an  Unsymmetrical  Truss, 

BY  Graphic  Resolution. 

(a)  Problem. — Given  the  unsymmetrical  triangular  truss  span  50'-0",  height, 
16'-0",  roUers  windward,  wind  joint  load  4,000  lb.,  ceiling  joint  load  3,000  lb.  Calculate 
the  stresses  due  to  both  systems  of  loading  by  graphic  resolution.  Scale  of  truss, 
1"  =  8'-0".  Scale  of  loads,  1"  =  4,000  lb.  Calculate  the  stress  in  tie  4-Y  by  algebraic 
moments. 
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Problem  15.     Dead  Load  Stresses  in  a  Triangular  Truss  by  Graphic  and 

Algebraic  Moments. 

(a)  Problem. — Given  a  triangular  truss,  span  60'-0",  pitch  Ji,  trusses  spaced 
15'-0'^  dead  load  40  lb.  per  sq.  ft.  of  horizontal  projection.  Calculate  the  stresses 
by  graphic  moments.  Check  by  calculating  the  stresses  by  algebraic  momentSi  giving 
all  equations.  Scale  of  truss,  1"  «  lO'-O".  Scale  of  loads,  1"  =  10,000  lb.  Use 
pole  distance  H  »  30,000  lb. 

(b)  Methods. — Use  the  methods  for  algebraic  and  graphic  moments  described  in 
Fig.  5  and  Fig.  6,  Chapter  II,  respectively.  Calculate  all  moment  arms  and  check  by 
scaling  from  the  diagram.  The  pole  distance  is  measured  in  pounds,  while  the  inter- 
cepts are  measured  to  the  same  scale  as  the  truss.  Take  the  section  and  choose  the 
center  of  moments  so  that  but  one  unknown  force  will  produce  moments.  Take  the 
unknown  external  force  as  acting  from  the  outside  toward  the  cut  section,  the  sign  of 
the  result  if  plus  will  indicate  compression,  if  minus  tension.  Be  careful  to  take  forces 
on  one  side  of  the  cut  section  only. 

(c)  Results. — The  kinds  of  stress  in  the  members  are  the  same  as  in  Problem  9. 
The  center  of  moments  used  in  calculating  each  stress  can  be  easily  determined  from 
the  equations.  The  method  of  algebraic  moments  is  much  used  for  calculating  stresses 
in  bridges,  and  other  frameworks  which  carry  moving  loads.  The  method  of  graphic 
moments  is  used  principally  as  an  explanatory  method. 

For  the  calculation  of  the  stresses  in  a  bridge  truss  by  graphic  moments  see  Chapter 
VI,  and  Problem  35. 


Problem  15a.     Dead  Load  Stresses  in  a  Triangular  Truss  by  Graphic  and 

Algebraic  Moments. 

(a)  Problem. — Given  a  triangular  truss,  span  60'-0",  pitch  J^,  trusses  spaced 
16'-0",  dead  lead  40  lb.  per  sq.  ft.  of  horizontal  projection.  Calculate  the  stresses 
by  graphic  moments.  Check  by  calculating  the  stresses  by  algebraic  moments,  giv- 
ing all  equations.  Scale  of  truss  1"  =  lO'-O".  Scale  of  loads  V  =  10,000  lb.  Use 
pole  distance  H  =  30,000  lb. 
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Problem  16.     Dead  Load  Stresses  in  a  Cantilever  Truss  by  Graphic 

Resolution. 

(a)  Problem.— Given  the  Fink  cantilever  truss,  span  40'-0",  depth  12'-0",  joint 
load  2,000  lb.  Calculate  the  reactions  by  means  of  force  and  equilibrium  polygons. 
Calculate  the  stresses  by  graphic  resolution.  Scale  of  truss,  1"  =  8'-0".  Scale  of 
loads,  1"  =  1,500  lb. 

(b)  Methods. — Calculate  the  reactions  as  in  Fig.  9,  Chapter  I,  noting  that  the 
loads  in  the  two  cases  are  laid  off  in  different  order.  Note  that  the  two  reactions  and 
the  resultant  of  the  external  loads  meet  in  a  point,  and  that  the  reactions  can  be  deter- 
mined by  means  of  this  principle.  The  stress  diagram  is  started  with  the  load  Pi  and 
is  closed  at  Ri  and  R2. 

(c)  Results. — The  upper  chord  is  in  tension,  while  the  bottom  chord  is  in  compres- 
sion, which  is  the  reverse  of  conditions  in  simple  trusses.  In  calculating  the  stresses 
due  to  wind  load  in  this  truss,  the  reaction  Ri  will  be  in  the  line  of  7-Y,  and  R^  will  pass 
through  A,  as  in  the  case  of  dead  loads.  The  resultant  of  the  wind  loads  and  the  two 
reactions  will  meet  in  a  point,  and  the  solution  is  essentially  the  same  as  for  dead  loads. 
It  should  be  noted  that  the  closing  line  of  the  equilibrium  polygon,  A-a,  has  its  ends  on 
the  line  of  action  of  the  resultants  Ri  and  R2. 

Cantilever  trusses  of  this  type  are  used  for  sheds  on  the  sides  of  buildings. 

For  the  calculation  of  the  stresses  in  a  double  cantilever  roof  truss,  see  Problem  17. 


Problem  16a.    Dead  Load  Stresses  in  a  Cantilever  Truss  by  Graphic 

Resolution. 

(a)  Problem. — Given  the  Fink  cantilever  truss,  span  60'-0",  depth  15'-0",  joint 
load  2,500  lb.  Calculate  the  reactions  by  means  of  force  and  equUibrium  polygons. 
Calculate  the  stresses  by  graphic  resolution.  Scale  of  truss,  1"  =  8'-0".  Scale  of 
loads,  1"  =  2,000  lb. 
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Problem  17.    Dead  Load  Stresses  in  a  Cantileyer  Truss  bt  Graphic 

Resolution. 

(a)  Problem* — Given  a  cantilever  roof  truss,  main  span  W-(f\  cantilever  spans 
2(K-(K',  center  height  W-^\  spacing  of  trusses  18'-0",  dead  load  20  lb.  per  sq.  ft.  of 
horizontal  projection.  Joint  load  =  3,600  lb.  Calculate  the  dead  load  stresses  in  the 
truss  by  graphic  resolution.    Scale  of  truss,  1"  «  15'-0".    Scale  of  loads,  I"  =  6,000  lb. 

(b)  Methods.— -The  reactions  are  Ri  =^  Rt  =  19,800  lb.  Lay  off  the  .loads  from 
the  top  downward  as  shown  in  (6).  Beginning  at  the  left  end  of  the  truss,  load  Pi 
acts  downward,  and  is  held  in  equilibrium  by  stresses  Xvl  and  Xi-\.  Stress  Xq-l  is 
compression  and  Xi-l  is  tension.  Next  pass  to  load  Pj,  and  stress  1-2  =  Ps.  At  bot- 
tom joint  Xo-1  and  1-2  are  given  and  closing  the  force  polygon  gives  stress  in  2-3 
and  Xo-Z,    The  remainder  of  the  diagram  is  constructed  in  the  same  manner. 

To  calculate  the  stress  in  9-X  by  algebraic  moments  take  moments  about  the  peak 
of  the  truss,  and  stress  9-F  X  20  +  R  X  30  -  18,000  X  30  =  0,  and  stress  Q-F 
=  -  2,700  lb. 

The  loads  on  the  cantilevers  have  been  omitted  in  (c),  and  the  stresses  in  the 
simple  roof  truss  have  been  calculated  by  graphic  resolution  in  (cQ. 

(c)  Results. — It  will  be  seen  in  (a)  that  both  the  top  and  bottom  chords  are  partly 
in  tension  and  partly  in  compression.  By  comparing  the  stresses  in  (a)  witn  the  stresses 
in  (d)  it  will  be  seen  that  the  stresses  in  the  cantilever  truss  in  (a)  are  smaller  than  in  the 
simple  truss  in  {d)  with  the  cantilevers  omitted. 


Problem  17a.    Wind  Load  Stresses  in  a  Cantilever  Truss  bt  Graphic 

Resolution. 

(a)  Problem. — Given  the  same  truss  as  in  Problem  17.  Calculate  the  stresses  in 
the  truss  for  a  normal  wind  load  of  a  horizontal  wind  load  of  30  lb.  per  sq.  ft.  Normal 
component  as  determined  by  Duchemin's  formula,  Chapter  XXIV,  is  20  lb.  per  sq.  ft., 
and  the  normal  joint  load  will  be  P  =  3,880  lb.  (use  3,900  lb.).  Assume  that  truss 
is  supported  on  a  roller  at  R%, 
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Pboblem  18.    Wind  Load  Stresses  in  a  Tsestlb  Bent. 

(a)  ProbleiiL— Given  a  trestle  bent,  height  45'-0",  width  at  the  base  SC-O",  width 
at  the  top  9'-0",  wind  loads  Po,  Pi,  Pj,  Pj,  P4,  as  shown.  Calculate  the  stresses  in  the 
members  of  the  bent  due  to  wind  loads  by  algebraic  moments,  and  check  by  calculating 
the  stresses  by  graphic  resolution.  Assume  that  the  diagonal  members  are  tension 
members,  and  that  the  dotted  members  are  not  acting  for  the  wind  blowing  as  shown. 
Scale  of  truss,  1"  =  lO'-O".    Scale  of  loads,  1"  =  2,000  lb. 

(b)  Methods. — Algebraic  Moments. — To  calculate  the  stresses  in  the  diagonal 
members  take  centers  of  moments  about  the  point  A,  the  point  of  intersection  of  the 
inclined  posts.  Then  to  calculate  the  stress  in  3-4,  pass  a  section  cutting  members  3-X, 
3-4  and  4-F;  assume  that  the  stress  in  3-4  is  an  external  force  acting  from  the  outside 
toward  the  cut  section,  and  3-4  X  15.9'  +  3,000  X  19.3'  +  3,000  X  11.3'  =  0.  The 
stress  3-4  =  —  5,800  lb.  Stresses  in  4-5,  5-6,  6-7,  7-8  and  ^Z  are  calculated  in  a 
similar  manner.  To  obtain  reaction  Ri  take  moments  about  i^,  and  fii  X  30'  —  2,000 
X  15'  -  2,000  X  30'  -  3,000  X  45'  -  3,000  X  53'  =  0.  Then  A  =  12,800  lb. 
=  —  Rf. 

To  calculate  the  stress  in  4-F,  take  center  of  moments  at  joint  Pt,  and  pass  a 
section  cutting  members  5-X,  4-5  and  4-7,  and  assume  the  stress  in  4-F  as  an  external 
force  acting  from  the  outside  toward  the  cut  section.  Then  4-F  X  15.6'  —  3,000 
X  15'  -  3,000  X  23'  =  0.     Then  4-F  =  +  7,300  lb. 

Graphic  Reaolulion. — The  load  Po  is  assumed  as  transferred  to  the  bent  by  means 
of  the  auxiliary  members.  The  loads  Po,  Pi,  Ps,  Ps,  Pa  are  laid  off  as  shown,  and  with 
the  load  Po  the  stress  triangle  F-X-2  is  drawn.  The  remainder  of  the  solution  is 
easily  followed. 

(c)  Results.— The  stress  in  the  auxiliary  member  2-F  acts  as  a  load  at  the  top  of 
post  4-F.  Load  Po  is  the  wind  load  on  the  train  and  is  transferred  to  the  rails  by  the 
oar.  For  the  reason  that  the  wind  may  blow  from  the  opposite  direction,  both  sets  of 
stresses  must  be  considered  in  combination  with  the  dead  and  live  load  stresses  in 
designing  the  columns. 


Problem  18a.    Wind  Load  Stresses  in  a  Trestle  Bent. 

(a)  Problem.— Given  a  trestle  bent,  height  54'-0",  panels  18'-0",  width  at  the 
base  30'-0",  width  at  the  top  8'-0",  wind  loads  Pq,  Pi,  Pj,  P,,  P4  as  shown  in  Problem  18. 
Calculate  the  stresses  in  the  members  of  the  bent  due  to  wind  loads  by  algebraic  mo- 
ments, and  check  by  calculating  the  stresses  by  graphic  resolution.  '  Assume  that  the 
diagonal  members  are  tension  members,  and  that  the  dotted  members  are  not  acting 
for  the  wind  blowing  as  shown.  Scale  of  truss,  1"  =  lO'-O".  Scale  of  loads,  1" 
=  2,000  lb. 
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Pboblem  19.    Stresses  ih  the  Portal  of  a  Bridge  bt  Algebraic  Mokests  and 

Graphic  Resolution. 

(a)  ProUenL — Given  the  portal  of  a  bridge  <^  the  type  shown,  indined  height 
W-^',  center  to  center  width  15'-<K',  load  R  ^  2,000  lb.,  end-posts  pin-connected  at 
the  base.  Calculate  the  stresses  by  algebraic  moments  and  chedL  by  graphic  resolntion. 
Scales  as  shown. 

(b)  Methods.— Now  H  ^  H'  =  1,000  lb.  F  ^  -  F,  and  by  taking  moments 
about  B,  F  =  30  X  2,000  15  =  4,000  lb.  =  -  F'. 

Algebraic  MamenU. — In  passing  sections,  care  should  be  used  to  avoid  cutting  the 
end-posts  for  the  reason  that  these  members  are  subject  to  bending  stresses  in  addition 
to  the  direct  stresses.  To  calculate  the  stress  in  member  3-  Y  take  the  center  cf  moments 
at  joint  (1)  and  pass  a  section  cutting  members  4r-b,  3-4  and  3-F,  and  cutting  the 
portal  away  to  the  left  of  the  section.  Then  assume  stress  3-F  as  an  external  foroe 
acting  from  the  outside  toward  the  cut  section,  and  3- F  X  10  X  0.447  (sin  0)  +  if 
X  30"  =>  0.  The  stress  in  3-F  =  —  6,710  lb.  The  remaining  stresses  are  calculated 
as  shown. 

Graphic  Besdtdion.'-LsLy  off  a-A  =  A-h  =  H  =  1,000  lb.,  and -4- F  =  F'  =  4,000 
lb.  Then  beginning  at  point  B  in  the  portal  the  force  polygon  for  equilibrium  is 
a-A-Y-l'-a,  in  which  I'-a  is  the  stress  in  the  auxiliary  member  l-a  and  F-1'  is  the 
stress  in  the  post  1-F  when  the  auxiliary  member  is  acting.  The  true  stress  in  1-F  is 
equal  to  the  algebraic  sum  of  the  vertical  components  of  the  stress  I'-a  and  F-1',  and 
equals  F'  =  —  4,000  lb.  Next  complete  the  force  triangle  at  the  intersection  of  the 
auxiliary  members.  Stress  l^-^i  is  known  and  the  force  triangle  is  a-l'-2'-<i,  the  forces 
acting  as  shown.  The  stress  diagram  is  carried  through  in  the  order  shown,  checking 
up  at  the  point  A.  The  correct  stresses  are  shown  by  the  full  Hnes  in  the  stress  diagram. 
The  true  stress  in  3-2  will  produce  equilibrium  for  vertical  stresses  at  joint  (1)  as  shown. 
The  maximum  shear  in  the  posts  is  H  =  1,000  lb.  The  maximum  bending  moment 
in  the  posts  will  occur  at  the  foot  of  the  member  3-F,  joint  (3),  and  is  Af  ~  1,000  X  20 
X  12  =  240,000  in.-lb. 

(c)  Results. — The  method  of  graphic  resolution  requires  less  woi^  and  is  more 
simple  than  the  method  of  algebraic  moments. 

Note:  The  portal  is  not  pin-connected  at  joint  (3)  and  the  corresponding  joint 
on  the  opposite  side,  as  might  be  inferred  from  the  figure. 


Problem  19a.    Stresses  in  the  Portal  of  a  Bridge  bt  Algebraic  Moments  anb 

Graphic  Resolution. 

(a)  Problem. — Given  the  portal  shown  in  Problem  19,  except  that  the  posts  are 
fixed  at  their  bases.  Calculate  the  stresses  by  algebraic  moments  and  check  by  graphic 
resolution.  Assume  the  point  of  contraflexure  as  half  way  between  the  base  of  the  post 
and  the  foot  of  the  knee  brace.     Scales  as  in  Problem  19. 
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Problem  20.     Wind  Load  Stresses  in  a  Transverse  Bent  by  Graphic 

Resolution. 

(a)  Problem. — Given  a  transverse  bent,,  span  40'-0",  pitch  of  roof  Ji,  height  of 
posts  20'-0",  posts  pin-connected  at  the  base,  wind  load  20  lb.  per  square  foot  of  vertical 
projection.  Calculate  the  wind  load  stresses  in  the  bent  by  graphic  resolution.  Scale 
of  bent  ,1"  =  lO'-O".    Scale  of  loads,  1"  =  3,000  lb. 

(b)  Methods.— Now  H  =  J^P  =  4,500  lb.  =  H\  To  calculate  V  take  moments 
about  the  foot  of  the  right-hand  post,  and  F  X  40'  -  3,000  X  13M'  -  1,750  X  20' 
-  1,500  X  25'  -  750  X  30'  =  0.     Then  F  =  +  3,375  lb.  =  -  F'. 

To  construct  the  stress  diagram  lay  off  the  load  line  Pi  +  P2  +  Pt  +  P4  +  Pb, 
and  V-Y  =  V  =  3,375  lb.  Beginning  at  the  foot  of  the  windward  post,  V  acts  down- 
ward, H  =  X-1  acts  to  the  left,  Ps  acts  to  the  right.  The  polygon  is  closed  by  drawing 
lines  parallel  to  1-X  and  1-F,  the  final  stress  polygon  being  Y-l-X-X-V.  Then  pass 
to  the  load  Pa  in  the  transverse  bent,  and  in  the  stress  diagram  P4  acts  to  the  right, 
1-X  acts  upwards  to  the  left,  1-2  acts  to  the  right,  and  2-X  acts  downwards  to  the  left, 
closing  the  polygon.  The  remainder  of  the  stress  diagram  is  drawn  in  a  similar  manner, 
passing  to  the  foot  of  the  knee  brace,  then  to  the  top  of  the  post,  etc.,  finally  checking 
up  at  the  foot  of  the  leeward  post.  The  maximum  shear  is  in  the  leeward  post,  below 
the  knee  brace  the  shear  is  H  =  4,500  lb.,  above  the  knee  brace  the  shear  is  the  hori- 
zontal component  of  the  stress  in  10-X  =  lO'-X  =  9,000  lb.  The  maximum  bending 
moment  in  the  post  is  at  the  foot  of  the  leeward  knee  brace  and  is  itf  «  4,500  X  13^ 
=  60,000  ft.-lb.     For  further  explanation  see  Chapter  X. 

(c)  Results. — The  stresses  in  the  members  do  not  follow  the  usual  rules  for  trusses 
loaded  with  vertical  loads;  the  top  chord  is  partly  in  tension  and  partly  in  compression, 
while  the  bottom  chord  is  in  compression.  The  bent  should  be  designed  for  the  wind 
load  stresses  combined  with  the  dead  load  and  the  minimum  snow  load  stresses,  for  the 
wind  load  and  the  dead  load  stresses,  or  for  the  wind  load  and  the  dead  load  stresses, 
whichever  combination  produces  maximum  stresses  or  reversals  of  stresses. 

The  stresses  in  the  posts  are  calculated  by  dropping  the  points  1,  2,  10  and  11  to 
the  points  1',  2',  10'  and  11',  respectively,  on  the  load  line,  or  on  load  line  produced. 
The  stresses  in  the  windward  post  are  I'-F  and  2'-3,  while  the  stresses  in  the  leeward 
post  are  11'- F  and  9-10'.  The  maximum  shear  in  the  leeward  post  is  above  the 
knee  brace  and  is  lO'-X  =  9,000  lb. 


Problem  20a.    Wind  Load  Stresses  in  a  Transverse  Bent  by  Graphic 

•  Resolution. 

(a)  Problem. — Given  a  transverse  bent,  span  40'-0",  pitch  of  roof  Ji,  height  of 
posts  20'-0",  posts  pin-connected  at  the  base,  wind  load  20  lb.  per  square  foot  normal 
to  the  sides  and  the  normal  component  of  a  horizontal  wind  load  of  30  lb.  per  square  foot 
on  the  roof.  (The  normal  load  on  the  roof  for  a  horizontal  wind  load  of  30  lb.,  is  223^  lb. 
per  sq.  ft.,  see  Chapter  XXIV.)  Calculate  the  wind  load  stresses  in  the  transverse 
bent  by  graphic  resolution.    Scale  of  bent,  1"  =  lO'-O".    Scale  of  loads,  1"  =  3,000  lb. 
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Problem  21.     Dead  Load  Stresses  in  a  Three-hinoed  Arch  by  Graphic 

Resolution. 

(a)  Problem. — Given  a  three-hinged  framed  arch,  span  60'-0",  height  to  center 
hinge  15'-0",  dead  joint  loads  Pi  =  P/  =  18,000  lb.,  md  Pt  =  Pi  =  24,000  lb. 
Calculate  the  stresses  in  the  arch  by  graphic  resolution.  Check  the  calculation  of  the 
reactions  by  algebraic  moments.  Scale  of  arch,  1"  =  12'-0".  Scale  of  loads,  1" 
=  15,000  lb. 

(b)  Methods. — Lay  off  the  loads  and  construct  a  force  polygon  with  pole  0. 
Calculate  the  reactions  Pa,  Pb  and  Pc  as  shown.  Reaction  Pc  at  the  crown  may  be 
resolved  into  R\  and  R^  acting  as  shown.  The  horizontal  reaction  Ha  at  A  is  equal  to 
the  horizontal  component  of  Ry,  and  the  vertical  component  Va  at  A  is  equal  to  the 
vertical  component  of  Rv  plus  Pa^ 

To  calculate  the  vertical  reactions,  take  moments  about  B,  and 

Va  X  60  -  24,000(22.5  +  37.5)  -  18,000(7.5  +  52.5)  =  .0 

Va  =  42,000  =  Vb 

To  calculate  the  horizontal  reactions,  take  moments  about  C,  and 

Ha  X  15  -  Fa  X  30  +  18,000  X  22.5  +  24,000  X  7.5  =  0 

Ha  =  45,000  lb.  =  Hb 

Having  calculated  the  reactions  the  stresses  in  the  members  are  calculated  by 
graphic  resolution  as  shown. 

(c)  Results. — The  three-hinged  arch  in  this  problem  is  the  two-hinged  arch  given 
in  Chapter  XX  with  the  middle  top  chord  section  omitted.  The  stresses  in  the  roof 
truss,  the  two-hinged  arch  and  the  three-hinged  arch  shouM  be  compared.  The 
primary  structure  in  Chapter  XX  migh*^  have  been  assumed  as  a  three-hinged  arch  in 
place  of  the  roof  truss  with  one  end  on  frictionless  rollers. 


Problem  21a.     Dead  Load   Stresses  in  a  Three-hinged  Arch  by  Graphic 

Resolution. 

(a)  Problem. — Given  a  three-hinged  framed  arch,  span  60'-0",  height  of  center 
hinge  18'-0",  height  of  joints  to  be  12-0",  18'-0",  24'-0"  and  30'-0"  in  place  of 
lO'-O",  15'-0",  20'-0"  and  25-0  ',  respectively,  as  shown.  Dead  loads  and  other  data 
are  as  given  in  ProbVm  21.  €lalculate  the  stresses  in  the  arch  by  graphic  resolution. 
Check  the  calculations  of  the  reactions  by  algebraic  moments.  Scale  of  arch, 
1"  =  12'-0".    Scale  of  loads,  1"  =  15,000  lb. 
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Problem  22.    Wind  Load  Stresses  in  a  Three-hinged  Arch  bt  Graphic 

Resolution. 

(a)  Problems. — Given  a  three-hinged  framed  arch,  span  60^-0'',  height  to  center 
hinge  15'-0",  wind  joint  loads  Pi  =  13,500  lb.,  P,  =  P,  =  7,500  lb.,  acting  as  shown, 
(calculate  the  stresHes  in  the  arch  by  graphic  resolution.  Scale  of  arch,  1"  =  12'-0 '. 
Scale  of  loads,  1"  =  6,000  lb. 

(b)  Methods. — Lay  off  the  loads  Pi,  Pt  and  Pi  and  construct  a  force  polygon  with 
a  pole  0.  Now  since  there  are  no  loads  on  the  right  segment  of  the  arch,  reaction  Rt 
will  pass  through  hinges  B  and  C  as  shown.  Calculate  Pa  and  Pc  by  drawing  a  line 
0-D  through  0  in  the  force  polygon  parallel  to  the  closing  line  of  the  equilibrium 
polygon.  The  lines  of  action  of  Pa  and  Pc  are  parallel  to  each  other  and  to  the  resultant 
R,  The  resultant  Rx  at  A  is  the  resultant  of  Pa  and  Ri  =  F-Xo,  as  shown  in  the  force 
polygon.  Reactions  R\  and  Rt  are  calculated  by  closing  the  force  polygon  of  loads  and 
react'ons.  As  a  check  the  reactions  Ri  and  R2  will  meet  the  resu'tant  of  wind  loads  R 
in  a  common  point.    The  stresses  in  the  members  are  calculated  as  shown. 

(c)  Results. — The  three-hinged  arch  in  this  problem  is  the  two-hinged  arch  given 
in  Chapter  XX  with  the  middle  top  chord  section  omitted.  The  stresses  in  the  roof 
truss,  the  two-hinged  arch  and  the  three-hinged  arch  should  be  compared.  The  primary 
structure  in  Chapter  XX  might  have  been  assumed  as  a  three-hinged  arch  in  place  of 
a  roof  truss  with  one  end  on  frictionless  rollers. 


Problem  22a.    Wind  Load  Stresses  in  a  Three-hinged  Arch  by  Graphic 

Resolution. 

(a)  Problem.— Given  a  three-hinged  framed  arch,  span  60'-0",  height  of  center 
hinge  18'-0",  height  of  joints  12'-^",  18'-0",  24'-0"  and  30'-0"  in  place  of  lO'-O", 
ir)'-0' ,  20'-0"  and  25'-0 ',  respectively,  as  shown.  Load  Pi  =  16,000  lb.  normal  to 
1-Xo,  P  =  Pi  =  8,000  lb.  normal  to  2-Xi.  Calculate  the  stresses  by  graphic  resolution. 
Scales  the  same  as  in  Problem  22. 
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Problem  23.     Dead  Load  Stresses  in  a  Warren  Truss  by  Graphic  Resolution. 

(a)  Problem. — Given  a  Warren  truss,  span  120'-0",  panel  length  20'-0",  depth 
20'-0",  dead  load  700  lb.  per  ft.  per  truss.  Calculate  the  dead  load  stresses  by  graphic 
resolution.     Scale  of  truss,  1"  =  16-0".    Scale  of  loads,  1"  =  12,000  lb. 

(b)  Methods. — The  loads  beginning  with  the  first  load  on  the  left  are  laid  off  from 
the  bottom  upwards.  The  calculation  of  the  stresses  is  started  at  the  left  reaction,  and 
the  stress  diagram  is  closed  at  the  right  reaction.  For  additional  information  on  the 
solution  see  Chapter  VI. 

To  calculate  the  stress  in  the  center  panel  of  the  top  chord  take  moments  about  the 
center  joint  in  the  lower  chord.  Stress  6-X  X  20  =  i^i  X  60  -  Pi  X  40  -  Pj  X  20 
=  35,000  X  60  -  14  000  X  40  -  14,000  X  20.     Stress  6-X  =  +  63,000  lb. 

(c)  Results. — The  top  chord  is  in  compression,  the  bottom  chord  is  in  tension; 
all  web  members  leaning  toward  the  center  of  the  truss  are  in  compression,  while  the 
web  members  leaning  toward  the  abutments  are  in  tension.  All  web  members  meeting 
on  the  unloaded  chord  (top  chord)  have  stresses  equal  in  amount  but  opposite  in  sign. 
The  stresses  in  the  lower  chord  are  the  arithmetical  means  of  the  stresses  in  the  top 
chord.  The  Warren  truss  is  commonly  made  of  iron  or  steel,  the  most  common  section 
for  the  members  being  two  angles  placed  back  to  back. 


Problem  23a.    Dead  Load  Stresses  in  a  Warren  Truss  by  Graphic  Resolution. 

(a)  Problem. — Given  a  Warren  truss,  span  126'-0",  panel  length  18'-0",  depth 
20'-0",  dead  load  700  lb.  per  ft.  per  truss.  Calculate  the  dead  load  stresses  by  graphic 
resolution.     Scale  of  truss,  1"  =  J5'-0".    Scale  of  loads,  1"  =  12,000  lb. 
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Problem  24.     Dead  Load  Stbesses  in  a  Howe  Truss  by  Graphic  Resolution. 

(a)  Problem. — Given  a  Howe  truss,  span  ICC-O",  panel  length  20'-0",  depth 
24'-(y\  dead  load  600  lb.  per  lineal  foot  of  truss.  Calculate  the  dead  load  stresses  by 
graphic  resolution.    Scale  of  truss,  1"  =  25'-0".    Scale  of  loads,  1"  =  15,000  lb. 

(b)  Methods. — The  loads  beginning  with  the  first  load  on  the  left  are  laid  off  from 
the  bottom  upwards.  Calculate  the  stresses  by  graphic  resolution,  beginning  at  Ri 
and  checking  at  As,  following  the  order  shown  in  the  stress  diagram. 

To  calculate  the  stress  in  the  center  panels  of  the  lower  chord  take  moments  about 
the  center  of  the  top  chord.  Stress  7-F  X  24  =  -  i2i  X  80  +  Pi  X  60  +  Pj  X  40 
+  P,  X  20  =  -  42,000  X  80  +  12,000  X  60  +  12,000  X  40  +  12,000  X  20.  Stress 
7-r  -  -  80,000  lb. 

(c)  Results. — The  top  chord  is  in  compression  and  the  bottom  chord  is  in  tension 
as  in  the  Warren  truss.  All  inclined  web  members  are  in  compression,  while  all  vertical 
web  members  are  in  tension.  The  stresses  in  the  verticals  are  equal  to  the  vertical 
components  of  the  diagonal  members  meeting  them  on  the  unloaded  chord.  Stresses  in 
certain  panels  in  top  and  bottom  chords  are  equal. 

The  Howe  truss  is  commonly  built  with  timber  upper  and  lower  chords  and  diagonal 
Htruts,  the  only  iron  being  the  vertical  ties  and  cast  iron  angle  blocks  to  take  the  bearing 
of  the  timber  struts.  This  makes  a  very  satisfactory  truss  and  is  quite  economical 
whore  timber  is  cheap. 


Problem  24a.    Dead  Load  Stresses  in  a  Howe  Truss  by  Graphic  Resolxttion. 

(a)  Problem.— Given  a  Howe  truss,  span  162'-0",  panel  length  18'-0",  depth 
24'-0",  dead  load  600  lb.  per  lineal  foot  of  truss.  Calculate  the  dead  load  stresses  by 
graphic  resolution.     Scale  of  truss,  1"  =  25'-0".    Scale  of  loads,  1''  «  15,000  lb. 
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Pboblem  25.    Dead  Load  Stresses  in  a  Pratt  Truss  by  Graphic  Resolutiok. 

(ft)  Problem.~Given  a  Pratt  trass,  span  iW-iT',  panel  length  W-if',  depth 
W-^y'f  dead  load  800  lb.  per  lineal  foot  per  truss.  Calculate  the  dead  load  stresses  by 
graphic  resolution.    Scale  of  trass  I"  =  20'-0''.    Scale  of  loads,  I"  =  16,000  lb. 

(b)  MetliodB. — The  loads  beginning  with  the  first  load  on  the  left  are  laid  off  from 
the  bottom  upwards.  Calculate  the  stresses  by  graphic  resolution,  beginiiing  at  Ri 
and  checking  at  Rt,  following  the  order  shown  in  the  stress  diagram. 

To  calculate  the  stress  in  the  lower  chord  member  4t-Y  take  moments  about  the 
top  of  post  3-4.  Stress  4-7  X24=  -fliX40  +  PiX20=  -  48,000  X  40  +  16,000 
X  20.    Stress  4-r  =  -  66,670  lb. 

(c)  Results. — The  top  chord  is  in  compression  and  the  bottom  chord  is  in  tension 
as  in  the  Warren  and  Howe  trusses.  The  inclined  web  members  are  in  tension,  while 
the  vertical  posts  are  in  compression.  Member  1-2  is  simply  a  hanger.  There  is  no 
stress  due  to  dead  loads  in  the  diagonal  members  in  the  middle  panel.  The  stresses  in 
the  posts  are  equal  to  the  vertical  components  of  the  diagonal  members  meeting  them 
on  the  unloaded  chord.  Stresses  in  certain  panels  in  the  top  and  bottom  chord  are 
equal.  The  Pratt  truss  is  quite  generally  used  for  steel  bridges,  and  is  also  used  for 
combination  bridges,  where  the  tension  members  are  made  of  iron  or  steel  and  the  com- 
pression members  are  made  of  timber. 


Problem  25a.    Dead  Load  Stresses  in  a  Pratt  Truss  bt  Graphic  Resolution. 

(a)  Problem.— Given  a  Pratt  truss,  span  160'-0",  panel  length  20'-0",  depth 
24^-0'^  dead  load  800  lb.  per  lineal  foot  per  truss.  Calculate  the  dead  load  stresses  by 
graphic  resolution.    Scale  of  trass  1"  =  26'-0".    Scale  of  loads,  I"  =  20,000  lb. 
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Problem  26.    Dead  Load  Stresses  in  a  Camel-Back  Truss  bt  Graphic 

Resolution. 

(a)  Problem. — Given  a  camel-back  (inclined  Pratt)  truss,  span  160'-0",  panel 
length  20'-0",  depth  at  the  hip  25'-0",  depth  at  the  center  32'-0",  dead  load  400  lb. 
per  lineal  foot  per  truss.  Calculate  dead  load  stresses  by  graphic  resolution.  Scale 
of  truss,  1"  =  25'-0".    Scale  of  loads,  1"  =  10,000  lb. 

(b)  Methods. — The  loads  beginning  with  the  first  load  on  the  left  are  laid  off  from 
the  bottom  upwards.  Calculate  the  stresses  by  graphic  resolution,  beginning  at  Ri 
and  checking  at  Rt-     Follow  the  order  given  in  the  stress  diagram. 

To  calculate  the  stress  in  lower  chord  tie  6-F  take  moments  about  top  of  p>06t 
&-6.  Stress  6-Y  X  32  =  -  iJi  X  60  +  Pi  X  40  +  Pj  X  20  =  -  28,000  X  60 
+  8,000(40  +  20).     Stress  6-7  =  -  37,500  lb. 

(c)  Results. — The  top  chord  is  in  compression  and  the  bottom  chord  is  in  tension. 
All  inclined  web  members  are  in  tension;  while  part  of  the  posts  are  in  tension  and  part 
are  in  compression.  Member  1-2  is  simply  a  hanger  and  is  always  in  tension.  This 
type  of  truss  is  quite  generally  used  for  steel  and  combination  bridges  for  spans  from 
150  feet  to  200  feet,  and  also  for  roof  trusses  for  long  span,  where  it  is  loaded  on  the  top 
chord  and  bottom  chord,  or  on  the  top  chord  alone. 


Problem  26a.    Dead  Load  Stresses  in  a  Camel-Back  Truss  bt  Graphic 

Resolution. 

(a)  Problem. — Given  a  camel-back  (inclined  Pratt)  truss,  span  180'-0",  panel 
length  20'- 0"  (three  panels  with  parallel  chords),  depth  at  the  hip  25'-0",  depth  at  the 
center  32'-0",  dead  load  400  lb.  per  lineal  foot  per  truss.  Calculate  dead  load  stresses 
by  graphic  resolution.    Scale  of  truss,  1"  =  25'-0".    Scale  of  loads,  1"  =  12,000  lb. 
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Pboblsm  27.    Dead  Load  Stbesses  m  a  Petit  Truss  by  Graphic  Resolution. 

(«)  Problem.— Given  a  Petit  truas,  span  SoC-O",  panel  length  25'-0",  depth  at 
hip  W-^',  depth  at  center  58'-<K^  dead  load  0.9  tons  per  lineal  foot  per  truss.  Calcu- 
late the  dead  load  stresses  by  graphic  resolution.  Scale  of  truss,  \"  =  dO'-O''.  Scale 
of  loads,  1"  =  45  tons. 

(b)  Methods. — The  loads  beginning  with  the  first  load  on  the  left  are  laid  off  from 
the  top  downwards.  Calculate  Ri  and  Rt.  Calculate  the  stresses  in  the  members  at 
the  left  reaction  by  constructing  force  triangle  l-Y-X.  Then  calculate  the  stress  in 
1-2  by  constructing  polygon  F-1-2-F.  Draw  3-2,  which  is  the  stress  in  member  3-2. 
Then  pass  to  joint  Wt  where  there  appears  to  be  an  ambiguity,  stress  4-5  being  un- 
known. To  remove  the  ambiguity  proceed  as  follows:  At  Wi  on  the  left  side  of  the 
stress  diagram  assume  that  Wi  is  the  stress  in  5-6  (the  member  5-6  is  simply  a  hanger 
and  the  stress  is  as  assumed).  Calculate  the  stress  in  4-5  by  completing  the  triangle 
of  stresses  in  the  auxiliary  members.  The  stresses  are  now  all  known  at  W^  except  3-4 
and  5-K,  but  the  stress  in  4-5  is  between  the  two  unknown  stresses.  First  complete 
the  force  polygon  2-3-4-4'- 7-7-2.  Then  by  changing  the  order  the  true  polygon 
2-3-4-5-K-y-2  may  be  drawn.  This  solution  is  sometimes  called  the  method  of 
sliding  in  a  member.  The  apparent  ambiguity  at  joint  W^  may  be  removed  in  the 
same  manner.  The  stress  diagram  is  carried  through  as  shown  and  finally  checked 
up  at  Ri»  It  will  be  seen  that  there  is  no  apparent  ambiguity  on  the  right  side  of  the 
truss. 

(c)  Results. — It  will  be  seen  that  the  Petit  truss  is  an  inclined  Pratt  or  Camel-back 
truss  with  subdivided  panels.  The  auxiliary  members  are  commonly  tension  members 
in  all  except  the  end  primary  panels.  It  will  be  seen  that  the  stresses  in  the  first  four 
panels  of  the  lower  chord  are  the  same.  The  loads  in  this  type  of  Petit  truss  are  carried 
directly  to  the  abutments.  The  Petit  trusR  is  quite  generally  used  for  long  span  highway 
and  railway  bridges. 


Problem  27a.    Dead  Load  Stresses  in  a  Petit  Truss  bt  Graphic  Resolution. 

(a)  Problem. — Given  a  Petit  truss  with  the  same  span,  panel  length,  depths,  and 
dead  load  as  in  Problem  27;  the  auxiliary  members  being  arranged  as  in  the  Baltimore 
truss  in  Problem  32. 
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Pboblbm  28.    Maximum  akd  Minimum  Stresses  in  a  Wabbek  Tbuss  bt 

Algebraic  Resolution. 

(a)  Problem.— Given  a  Warren  truss,  span  IGC-O",  panel  length  20'-0",  depth 
20^-0'',  dead  load  800  lb.  per  lineal  foot  per  truss,  live  load  1,600  lb.  per  lineal  foot 
per  truss.  Calculate  the  maximum  and  minimum  stresses  in  the  members  due  to 
dead  and  live  loads  by  algebraic  resolution.     Scale  of  truss  as  shown. 

(b)  Methods. — Construct  three  truss  diagrams  as  shown. '  The  dead  and  live  load 
stresses  are  calculated  as  follows: — 

Dead  Load  Stresses. — Beginning  at  the  left  the  left  reaction  ft  =  S^iW.  The 
shear  in  the  first  panel  is  33^TF,  in  the  second  panel  is  2l/^W,  in  the  third  panel  is 
l}/iWf  and  in  the  fourth  panel  is  J^TT.     Now  resolving  at  Ri  the  stress  in  1-^  = 

-  3}4W't&n  d,  stress  1-X  =  +  SHW-sec  6,  Cut  members  l-K,  1-2  and  2-X 
and  the  truss  to  the  right  by  a  plane  and  equate  the  horizontal  components  of 
the  stresses  in  the  members.  The  unknown  stress  2-X  will  equal  the  sum  of  the 
horizontal    components    of    the    stresses    in    1-F   and    1-2   with   sign   changed,  = 

-  (  -^H  -  3M)W^-tan  e  =  +  7W't&n  6.  The  stress  in  3-F  =  -  (7  +  2}4W 
•tan  6  ^  -  9HW'tAn  0.  Stress  in  4-X  =  -  (-  9>^  -  2}4)W't3Ji  ^  =  +  l^W 
•tan  6;  stress  in  5-7  =  -(+  12  +  l}4)W'tsine  =  +  ISJ^IT-tan^;  and  the  stress 
in  6-X  =  -  (-  13>^  -  l}4)W't&n  6  =  +  15W^-tan  6,  etc.  The  coefficients  of  the 
chord  stresses  when  multiplied  by  TF-tan  6  give  the  chord  stresses,  while  the  coeffi- 
cients for  the  webs  when  multiplied  by  TF-sec  ^  give  the  web  stresses. 

live  Load  Stresses. — Chord  Stresses. — The  maximum  chord  stresses  occur  when 
the  joints  are  all  loaded,  and  the  chord  coefficients,  are  found  as  for  dead  load  stresses. 
The  minimum  live  load  stresses  in  the  chords  occur  when  none  of  the  joints  are  loaded, 
and  are  zero  for  each  member. 

Web  Stresses. — The  ma^mum  web  stresses  in  any  panel  occur  when  the  longer 
segment  into  which  the  panel  divides  the  truss  is  loaded,  while  the  shorter  segment  has 
no  loads  on  it.  The  minimum  live  load  web  stresses  occur  when  the  shorter  segment 
is  loaded  and  the  longer  segment  has  no  loads  on  it.  The  maximum  stresses  in  mem- 
bers 1-X  and  1-2  occur  when  the  truss  is  fully  loaded.  The  shear  in  the  panel 
is  S}4Py  or  28P/8,  and  the  stress  in  1-X  =  3j^P-sec^  =  +  125,400  lb.,  while  the 
stress  in  1-2  —  —  33^P'sec  d  =  —  125,400  lb.  The  minimum  stresses  in  1-Z  and 
1-2  are  zero.  The  maximum  stresses  in  2-3  and  3-4  occur  when  6  loads  are  on 
the  right  of  the  panel  and  there  are  no  loads  on  the  left  of  the  panel.  -  The 
shear  in  the  panel  will  then  be  equal  to  the  left  reaction,  =  i2i  =  (6  X  3H  X  P)/S 
=  21P/8.  The  stress  in  2-3  =  21P-sec  B/S  =  +  94,100  lb.,  while  the  stress  in 
3-4  =  —  21P-sec  6/8  =  -  94,100  lb.  The  minimum  stresses  in  2-3  and  3-4  will 
occur  when  there  is  one  load  on  the  shorter  segment.  In  the  corresponding  panel 
on  the  right  of  the  truss,  if  the  shorter  segment  is  loaded,  the  left  reaction  =  P/8 
=  the  shear  in  the  panel.  The  minimum  stress  in  2-3  =  —  P-sec  ^/8  =  —  4,480 
lb.,  while  the  minimum  stress  in  3-4  =  4,480  lb.  The  stresses  in  the  remaining 
panels  are  calculated  in  the  same  manner. 
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Framed  Sfpucfunes  Problem  28 

Warren  Truss 
Max /mum  and  Mim'mum  Stresses 
Algebraic  Resolution 

X 


■^/^0000  .  *  96  000  .  -f-S^OOO 


,      .  ,      „         ^      „    -124000  I  -108000  I  -76000 

Dead  Load  Coeffi'cienfs  and  Stresses 

HIZO0O     _    ■f-192000  _  ■/■240OOO   _   *ZS6000  _  ^0.0         .        0 


<p     -      -Vp^     ^     ^p  ^^      -VpY         -Vp  .  V  ^p  i 

Max /mum  and  Minimum  Live  Load  Coefficients  and  Stresses 

+168000       +288000      +360000      +584000  )^  +120000       +96000       +S6000 


■84000       -228000    -224  000     -572000     -124000      -108000        -76000       -28000 

Max/mum  Stresses  Y         Minimum  Stresses 

Oead  L  oad,  800  lb.  per  foot  pen  truss .     W=  IB  000  lt>. 
Live  Load  J 1600  lb.  per  foot  per  truss.    P=52000  lb. 
Span,  L  =  160-0"  Sec  9=1.12 

Panel,  1  =  20-0"  Tan  9  =0.50 

Deptti,  ol=20'-0" 


Problem  28a.    Maximum  and  Minimum  Stresses  in  a  Warren  Truss  bt* 

Algebraic  Resolution. 

(a)  Problem. — Given  a  Warren  truss,  span  180'-0",  panel  length  20'-0",  depth 
24-C,  dead  load  900  lb.  per  lineal  foot  per  truss,  live  load  1,800  lb.  per  lineal  foot 
per  truss.  Calculate  the  maximum  and  minimum  stresses  in  the  members  due  to  dead 
and  live  loads  by  algebraic  resolution. 
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Problem  29.     Maximum  and  Minimum  Stresses  in  a  Pratt  Truss  bt  Algebraic 

Resolution. 

(a)  Problem. — Given  a  Pratt  truss,  span  140'-0",  panel  length  20'-0",  depth 
24'-0",  dead  load  800  lb.  per  lineal  foot  per  truss,  live  load  1,600  lb.  per  lineal  foot  per 
truss.  Calculate  the  maximum  and  minimum  stresses  due  to  dead  and  live  loads  by 
algebraic  resolution.     Scale  of  truss,  1"  =  20'-0". 

(b)  Methods. — Construct  three  truss  diagrams  as  shown.  On  the  first  place  the 
dead  load  coefficients  and  the  dead  load  stresses.  On  the  second  place  the  live  load 
coefficients  and  the  live  load  stresses.  On  the  third  place  the  maximum  and  minimum 
stresses  due  to  dead  and  live  loads.  The  maximum  chord  stresses  are  the  sums  of  the 
dead  and  the  live  load  chord  stresses,  while  the  minimum  chord  stresses  are  those  due 
to  dead  load  alone.  The  hip  vertical  is  simply  a  hanger  and  has  a  minimum  stress  of 
one  dead  load  and  a  maximum  stress  of  one  live  and  one  dead  load.  The  conditions 
for  maximum  and  minimum  stresses  in  the  webs  are  the  same  as  for  the  Warren  truss, 
the  vertical  posts  having  stresses  equal  to  the  vertical  components  of  the  stresses  in  the 
inclined  web  members  meeting  them  on  the  unloaded  (top)  chord. 

Study  the  discussion  of  the  calculation  of  the  stresses  in  a  Pratt  truss  given  in 
Chapter  VI. 

(c)  Results. — There  is  no  dead  load  shear  in  the  middle  panel,  but  it  is  seen  that 
there  are  stresses  in  the  counters  for  live  loads.  Only  one  of  the  counters  will  be  in 
action  at  one  time.  Whenever  the  center  of  gravity  of  the  loads  is  not  in  the  center 
line  of  the  truss,  that  counter  will  be  acting  that  extends  downward  toward  the  center 
of  gravity.  The  numerators  of  the  maximum  and  minimum  live  load  web  coefficients 
are  0,  1,  3,  6,  10,  15,  21,  as  for  the  Warren  truss.  This  shows  that  the  maximum  and 
minimum  web  stresses  are  proportional  to  the  ordinates  of  a  parabola. 


Problem  29a.    Maximum  and  Minimum  Stresses  in  a  Pratt  Truss  by  Algebraic 

Resolution. 

(a)  Problem.— Given  a  Pratt  truss,  span  160'-0",  panel  length  20'-0",  depth 
26'-0",  dead  load  700  lb.  per  lineal  foot  per  truss,  live  load  1,500  lb.  per  lineal  foot  per 
truss.  Calculate  the  maximum  and  minimum  stresses  due  to  dead  and  live  loads  by 
algebraic  resolution.    Scale  of  truss,  1"  =  25'-0". 
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Framed  Sfpucfu res  _        _.  Problem  20 

Pratt  Truss 

Maximum  and  Minimum  Stresses-Algebraic  Resoiution 

+5  +6       y{       i-6        .   +80000   .  *66670 


X 


^Rr5W 


K 


7 Panels  @?0'-0"=  MO'-O" 


Y        Ri^^ 


Dead  Lodd  Coefficients  Dead  Load  Stresses 

By  Algebraic  Moments  (4-Y)xd=W'l-Ei?l==mi6000'  96000h(4'Y)^  -66  667 


^P    ''      ^P   '  Y  V  V 

live  Load  Coefficients  and  Stresses 


Tan  9  ^0.85 

•fZOOOOO    .  -^240  000 


See  0=iJO 

i- 240  000  .  -f  80  000 


f66  670 


-120000       -120000      -ZOO  000       -240000     '-69670     ^-40  000      ' -40000 

Maximum  Stresses  Minimum  Stresses 

Dead  Joint  Load,  W=16000  Ib.^  Live  Joint  Load^  P-%000  lb. 
Span,  L  -  lAO'-O"  Panel,  I  -EO'-O" 


Deptli,  d^?4-0" 


Ho.  of  Panels,  11^7 
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Pboblem  30.    Maximum  and  Minimum  Stresses  in  a  Howe  Tbuss  bt  Algebraic 

Resolution. 

(a)  Problem.— Given  a  Howe  truss,  span  lor-3",  panel  length  ll'-3",  depth 
22''-6'^  dead  load  700  lb.  per  lineal  foot  per  truss,  live  load  1,000  lb.  per  lineal  foot  per 
truss.  Calculate  the  maximum  and  minimum  stresses  due  to  dead  and  live  loads  by 
algebraic  resolution.    Scale  of  truss,  1"  =  15'-0". 

(b)  Methods. — Construct  three  truss  diagrams  as  shown.  On  the  first  diagram 
place  the  dead  load  coefficients  and  the  dead  load  stresses.  On  the  second  diagram 
place  the  live  load  web  coefficients  and  the  maximum  and  minimum  live  load  stresses. 
On  the  third  diagram  place  the  maximum  and  minimum  stresses  due  to  dead  and  live 
loads.  The  conditions  for  loading  for  the  maximum  and  minimum  stresses  are  the  same 
as  for  a  Pratt  truss  except  that  the  vertical  tie  l-*2  carries  the  shear  in  the  first  panel 
and  has  a  maximum  stress  for  a  full  load  on  the  truss. 

The  Howe  truss  is  commonly  used  for  timber  trusses,  where  the  top  chord,  the 
bottom  chord  and  the  diagonals  are  made  of  timber  while  the  vertical  ties  are  made  of 
steel  or  iron  bars* 

(c)  Results. — The  vertical  members  are  always  in  tension,  whUe  the  diagonal 
members  are  always  in  compression.  The  web  members  meeting  on  the  unloaded 
chord  (top  chord)  have  maximum  and  minimum  stresses  for  the  same  loading.  The 
counters  in  the  center  panel  carry  live  load  stress  only,  the  counter  acting  downward 
away  from  the  center  of  gravity  of  the  loads  being  stressed.  The  maximum  and 
minimum  web  stresses  are  the  algebraic  sums  of  the  corresponding  dead  and  live  load 
stresses.  The  maximum  chord  stresses  are  the  sums  of  the  dead  and  live  load  chord 
stresses,  while  the  minimum  chord  stresses  are  the  dead  load  stresses  alone. 

Problem  30a.    Maximum  and  Minimum  Stresses  in  a  Howe  Truss  bt  Algebraic 

Resolution. 

(a)  Problem.— Given  a  Howe  truss,  span  120'-0",  panel  length  12'-0";  depth 
24'-0",  dead  load  700  lb.  per  lineal  foot  per  truss,  live  load  1,000  lb.  per  lineal  foot  per 
truss.  Calculate  the  maximum  and  minimum  stresses  due  to  dead  and  live  loads  by 
algebraic  resolution.    Scale  of  truss,  1"  =  20'-0". 
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Framed  Sfnucfures  Problem  50 

Howe  Truss 
Max/mum  and  Minimum  Sfnesses-AlgebrwcResolufion 


-7 


Y 


-9  -10    .  -39400  -59400  -55400    -27600   -15750  T 

9  Panels  <§>  n'-3"=  101-3"  \ 


Dead  Load  Coefficients 


■t-22500  +59400  ,+50625  +56250 


Dedd  Load  Stresses 


Y  T 

l^3ximum  and  l^inimum  Live  Load  Coefficients  and  Stresses 

+58250   +67000    +86000  +95600    +55400   +27600  +15750 


+58250     -67000    -86000    -95600    -95600  -59400    -55400   -27600   -15750 

Dead  Load  =  700  lb.  pen  lineal  ft  per  truss     W^  7875  Ik  • 
Live  Load  =  1000  lb.  per  lineal  ff.  per  truss    P=I1250  lb. 
5pan,L-IOI-Vl  Panel,  1-11-5"}  Depth,  d=2E-e"i  SecM.I2}  Tan  6-0.50 


14 
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Problem  31.    Maximum  and  Minimum  Stresses  in  a  Deck  Baltimore  Truss  by 

Algebraic  Resolution. 

(a)  Problem. — Given  a  deck  Baltimore  truss,  span  280'-0",  panel  length  20'-0", 
depth  40'-0",  dead  load  0.375  tons  per  lineal  foot  per  truss,  live  load  0.625  tons  per 
lineal  foot  pel*  truss.  Calculate  the  maximum  and  minimum  stresses  due  to  dead  and 
live  loads  by  algebraic  resolution. 

(b)  Methods. — Construct  three  truss  diagrams  and  use  them  as  shown. 

Dead  Load  Stresses, — The  auxiliary  struts  1-2,  5-6,  9-10,  etc.,  carry  a  full  dead  load 
compression,  while  the  auxiliary  web  members  2-3,  6-7,  10-11,  etc.,  have  a  tenpile 
stress  of  J^TT-sec^.  The  stress  in  1-F  equals  the  shear  in  the  panel  multiplied  by 
seed  =  —  eHTT'secd.  The  stress  in  3-7  equals  the  shear  in  the  panel  multiplied 
by  sec  6,  plus  the  inclined  component  of  the  one-half  load  that  is  carried  toward  the 
center  by  the  auxiliary  member  2-3,  =  —  (5J^  +  }4)W'secd  =  —  6W-aec6.  The 
stress  in  3-4  is  the  vertical  component  of  the  stress  in  3-F  =  +  6W,  The  stress  in 
4-y  is  the  horizontal  component  of  the  stress  in  3-F  =  —  QW-t&nd.  The  stress  in 
1-X  and  2-X  =  +  6J^Tr-tan  6.  The  stress  in  4-5  is  the  inclined  component  of  the 
shear  in  the  panel  =  —  4J^Pr'secd.  The  stress  in  5-X  =  —  (—  6  —  4J^)Pr-tand 
=  +  lOJ^PT-tand.  The  remaining  dead  load  stresses  are  calculated  in  a  similar 
manner. 

Live  Load  Web  Stresses.— The  maximum  shears  in  the  different  panels  occur  when 
the  longer  segment  of  the  truss  is  loaded,  while  the  minimum  shears  occur  when  the 
shorter  segment  of  the  truss  is  loaded.  The  maximum  stresses  in  the  webs  in  the  first 
and  second  panels  occur  for  a  full  live  load  on  the  bridge.  The  maximum  shear  in  the 
third  panel  occurs  with  all  loads  to  the  right  of  the  panel  and  no  loads  to  the  left.  The 
shear  in  the  panel  will  then  be  equal  to  the  left  reaction  =  11  X  }^(11  +  1)P/14 
=  66/14P.  The  maximum  live  load  stress  in  4-5  will  be  =  —  66/14P-sec  d.  With  a 
maximum  stress  in  4-5  the  stress  in  4-7  will  be  =(—  66/14  +  7/14) P- sec  d  =  —  59/14 
P'sec  6.  This  is  the  maximum  stress,  for  the  stress  in  4-7  when  there  is  a  maximum 
shear  in  the  panel  is  =  10  X  11/2  X  l/14P-secd  =  —  55/1 4P- seed.  In  a  similar 
manner  it  will  be  found  that  maximum  stresses  in  members  8-9  and  8-11  occur  with  a 
maximum  shear  in  8-9.  On  the  right  side  it  wUl  be  seen  that  minimum  stresses  in  the 
diagonals  occur  for  a  minimum  shear  in  the  odd-numbered  panels  from  the  right. 

(c)  Results. — The  dead  and  live  loads  were  assumed  as  applied  on  the  upper  chord. 
The  upper  chords  are  in  compression,  while  the  lower  chords  are  in  tension  the  same  as 
for  a  through  truss. 

Problem  31a.     Maximum  and  Minimum  Stresses  in  a  Deck  Baltimore  Truss  by 

Algebraic  Resolution. 

(a)  Problem. — Given  a  deck  Baltimore  truss,  span  320'-0",  panel  length  20'-0", 
depth  50'-0",  dead  load  0.3  tons  per  lineal  foot  per  truss,  live  load  0.5  tons  per  lineal 
foot  per  truss.  Calculate  the  maximum  and  minimum  stresses  due  to  dead  and  live 
loads  by  algebraic  resolution.     Scale  of  truss,  1"  =  40'-0". 
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Problem  32.     Maximum  and  Minimum  Stresses  in  a  Through  Baltimore  Truss 

by  algebraic  resolution. 

(a)  Problem. — Given  a  through  Baltimore  truss,  span  320'-0'',  panel  length 
20'-0",  depth  40'-0",  dead  load  800  lb.  per  lineal  foot  per  truss,  live  load  1,800  lb.  per 
lineal  foot  per  truss.  Calculate  the  maximum  and  minimum  stresses  due  to  dead  and 
live  loads  by  algebraic  resolution.     Scale  of  truss,  1"  =  40'-0". 

(b)  Methods. — Construct  three  truss  diagrams  as  shown. 

Dead  Load  Stresses, — The  stress  in  each  of  the  hangers  is  W,  while  the  stress  in  each 
of  the  diagonal  auxiliary  members  is  —  J^PT-sec^.  The  stress  in  the  upper  part  of 
the  end-post  is  (+  63^+H)^'sec  6  =  +  TPF-sec  6,  where  +  Ql^W-sec  $  is  the  stress 
due  to  the  shear  and  +  H^'sec  ^  is  the  stress  due  to  the  half  load  carried  toward  the 
center  by  the  auxiliary  diagonal  member.  The  stress  in  the  main  diagonal  in  the  third 
panel  is  —  SH^'sec  0,  where  53^TF  is  the  shear  in  the  panel;  while  the  stress  in  the 
diagonal  in  the  fourth  panel  is  ( —  43^  —  3^) IF- sec  ^  =  —  bW-aec  6,  where  4j^Tr-sec  $ 
is  the  stress  due  to  the  shear  in  the  panel  and  ^W'sec  0  is  the  stress  carried  toward  the 
center  of  the  truss  by  the  auxiliary  member.  The  chord  coefficients  are  calculated 
as  in  Problem  31. 

'Live  Load  Stresses, — The  maximum  shear  in  the  third  panel  occurs  with  13  loads 
to  the  right  of  the  panel  and  with  no  loads  to  the  left  of  the  panel.  The  shear  in  the 
panel  is  then  equal  to  the  left  reaction,  equals  13  X  3^(13  +  1)  X  P/16  =  91/16P. 
The  stress  in  the  main  diagonal  in  the  third  panel  is  then  equal  to  —  91/16P-sec^. 
The  stress  in  the  main  diagonal  in  the  fourth  panel  is  (—  91/16P  +  8/16P)  sec^  = 
—  83/16P-sec^,  =  a  maximum,  the  maximum  shear  in  the  panel  being  12  X  J^ 
(12  +  1)  X  P/16  =  78/16P.  In  like  manner  the  maximum  stresses  are  found  in  5th 
and  6th  panels  when  there  is  a  maximum  shear  in  the  5th  panel,  and  in  the  7th  and  8th 
panels  when  there  is  a  maximum  shear  in  the  7th  panel.  Minimum  stresses  in  the 
3d  and  4th  panels  from  the  right  abutment  occur  when  there  is  a  minimum  shear  in 
the  3d  panel;  and  in  the  5th  and  6th  panels  when  there  is  a  minimum  shear  in  the  5th 
panel. 

(c)  Results. — The  double  panels  next  to  the  center  require  counters.  It  should 
be  noticed  that  in  calculating  the  stresses  in  these  counters  the  diagonal  auxiliary  ties 
will  have  the  dead  load  stress  of  +  5.66  tons  as  a  minimum. 


Problem  32a.     Maximum  and  Minimum  Stresses  in  a  Through  Baltimore  Truss 

BY  Algebraic  Resolution. 

(a)  Problem. — Given  a  through  Baltimore  truss,  span  320'-0",  panel  length 
20'-0",  depth  45'-0",  dead  load  800  lb.  per  lineal  foot  per  truss,  live  load  1,800  lb.  per 
lineal  foot  per  truss.  All  the  auxiliary  ties  are  to  be  in  compression  as  in  Problem  27. 
Calculate  the  maximum  and  minimum  stresses  due  to  dead  and  live  loads  by  algebraic 
resolution.    Scale  of  truss,  1"  =  40'-0". 
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Pboblem  33.    Maximum  and  Minimum  Stresses  in  a  Whipple  Tbuss  by 

Algebraic  Resolution. 

(a)  ProbleiiL— Given  a  Whipple  truss,  span  260'-(K',  panel  length  20'-0",  depth 
W-^y,  dead  load  1,200  lb.  per  lineal  foot  per  truss,  live  load  2,000  lb.  per  lineal  foot 
per  truss.  Calculate  the  maximum  and  minimum  stresses  due  to  dead  and  live  loads 
by  algebraic  resolution.    Scale  of  truss,  1"  =  30'-0". 

(b)  Methods. — The  dead  load  stresses  and  the  maximum  live  load  chord  stresses 
can  be  calculated  by  beginning  at  the  center  and  calculating  the  shears,  and  then 
calculating  the  chord  stresses  in  the  usual  manner.  The  maximum  and  minimum 
live  load  web  stresses  in  a  Whipple  truss  are  statically  indeterminate.  The 
usual  solution  of  this  problem  is  to  divide  the  truss  into  two  trusses  of  single  inter- 
section. The  dead  and  the  live  load  chord  stresses  and  the  maximum  and  minimum 
web  stresses  are  then  calculated  as  for  independent  trusses.  The  loads  at  the  foot  of  the 
hip  verticals  are  assumed  as  equally  divided  between  the  two  systems.  The  final  chord 
stresses  are  the  sums  of  the  chord  stresses  in  the  separate  trusses.  The  stresses  in  the 
web  members,  except  the  hip  vertical,  are  as  given  in  the  separate  trusses.  In  solving 
the  problem  the  partial  truss  diagrams  should  be  drawn.  The  trusses  will  be  un- 
symmetrical,  one  being  the  same  as  the  other  turned  end  for  end.  With  the  joints  all 
loaded  the  dead  load  chord  and  web  coefficients,  and  the  live  load  chord  coefficients  are 
calculated.  In  calculating  the  maximum  live  load  web  coefficients  the  loads  are  moved 
off  to  the  right,  and  the  maximum  stresses  in  the  webs  on  the  left  of  the  center  will 
occur  when  the  longer  segment  is  loaded,  and  the  minimum  stresses  in  the  webs  on  the 
right  will  occur  when  the  shorter  segment  is  loaded.  Then  with  all  joints  in  the  truss 
loaded  moV^  the  loads  off  to  the  left,  calculating  the  maximum  web  coefficients  on  the 
right  of  the  center  and  the  minimum  web  coefficients  on  the  left  of  the  center.  In 
calculating  the  stresses  from  the  shears  it  will  be  seen  that  functions  of  two  angles  are 
used.  The  relation  between  the  two  angles  is  tan  0'  =  2  tan  6.  Web  coefficients  in 
terms  of  S  are  enclosed  in  a  ring.  The  calculation  of  the  chord  coefficients  may  be 
illustrated  by  calculating  the  coefficient  of  the  end  panel  of  the  upper  chord  « 
-  [-  156/26  -  70/26  -  2(60/26) ITT- tan  ^  =  346/26 TT- tan  ^. 

(c)  Results. — Whipple  trusses  were  usually  built  with  an  odd  number  of  panek. 
The  Whipple  truss  was  formerly  quite  generally  used  for  long  span  highway  and  railway 
bridges,  but  is  now  rarely  built,  being  replaced  by  the  Petit  truss. 


Problem  33a.    Maximum  and  Minimum  Stresses  in  a  Whipple  Truss  bt 

Algebraic  Resolution. 

(a)  Problem,— Given  a  Whipple  truss,  span  300'-0",  panel  length  20'-0",  depth 
40^-0",  dead  load  1,200  lb.  per  luieal  foot  per  truss,  live  load  2,000  lb.  per  lineal  foot  per 
truss.  Calculate  the  maximum  and  minimum  stresses  due  to  dead  and  live  loads. 
Calculate  the  dead  load  chord  and  web  stresses  and  the  live  load  chord  stresses  as  in 
Problem  33.    Scale  of  truss,  1"  =  30'-0". 


IN   A   WHIPPLE   TRUSS. 
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PsoBLSM  34.   'Maximum  and  Minimum  Stresses  in  a  Cameit-back  Tbuss  bt 

AixsEBRAic  Moments. 

(a)  Problem. — Given  a  Camel-back  truss,  span  lOO'-O",  panel  length  20'-0", 
depth  at  hip  20'-0'^  depth  at  center  25'-0'',  dead  load  300  lb.  per  lineal  foot  per  truss, 
live  load  800  lb.  per  lineal  foot  per  truss.  Calculate  the  maximum  and  minimum 
stresses  due  to  dead  and  live  loads  by  algebraic  moments.     Scale  of  truss,  1"  =  20^-0". 

(b)  Methods, — Calculate  the  arms  of  the  forces  as  shown  and  check  the  values  by 
scaling  from  the  drawing. 

Dead  Load  Stresses, — ^To  calculate  the  stress  in  the  end-post  LqUi,  take  center  of 
moments  at  Li,  and  pass  a  section  cutting  LoC/i,  UiLi  and  LiLt,  and  cutting  away  the 
truss  to  the  right.  Then  assume  stress  LqUi  as  an  external  force  acting  from  the  out- 
side'toward  the  cut  section,  and  stress  LqUi  X  14.14  —  jRi  X  20  =  0.  Now  ft  =  6 
tons  and  stress  LoUi  =  +  8.48  tons.  To  calculate  the  stresses  in  L^Li  and  LiLt  take 
the  center  of  moments  at  C/i,  and  pass  a  section  cutting  members  Ui  Ut,  U\Lt  and  LiLi, 
and  cutting  away  the  truss  to  the  right.  Then  assume  the  stress  in  L\Li  as  an  external 
force  acting  from  the  outside  toward  the  cut  section,  and  —  L1L2  X  20  —  i^i  X  20  =  0. 
Now  Ri  =  6  tons  and  the  stress  in  L^Li  =  LiLi  =  —  6  tons.  To  calculate  the  stress  in 
U1U2  take  the  center  of  moments  at  L2,  and  pass  a  section  cutting  members  UiUi, 
U2L2  and  L2W)  and  cutting  away  the  truss  to  the  right.  Then  assume  the  stress  in 
U1U2  as  an  external  force  acting  from  the  outside  toward  the  cut  section,  and  U1U2 
X  24.25  -  fii  X  40  +  TT  X  20  =  0.  Now  ft  =  6  tons,  TT  =  3  tons,  and  the  stress  in 
U1U2  ^  +  7.42  tons.  To  calculate  the  stress  in  UiLi  take  the  center  of  moments  at 
Af  and  pass  a  section  cutting  members  UiUtj  UiLn,  and  LiLt,  and  cutting  away  the  truss 
to  the  right.  Then  assume  the  stress  in  U1L2  as  an  external  force  acting  from  the  out- 
side toward  the  cut  section,  and  UiU  X  70.7  -f-  /2i  X  60  -  TF  X  80  =  0.  Now  Ri 
-  6  tons  and  W  =  3  tons,  and  U1L2  X  70.7  =  -  120  ft.-tons,  and  stress  U1L2 
-■  —  1.70  tons.     The  other  dead  load  stresses  are  calculated  as  shown. 

Live  Load  Stresses. — The  live  load  chord  stresses  are  equal  to  the  dead  load  chord 
stresses  multiplied  by  8/3.  The  maximum  stress  in  U1L2  will  occur  with  loads  at  L2, 
Lit  fl-^d  ^i'>  while  the  maximum  stress  in  counter  U2L1  will  occur  with  a  load  at  Li  only. 
The  maximum  tension  in.t/jLa  will  occur  with  all  the  live  loads  on  the  bridge,  while  the 
maximum  compression  will  occur  when  there  is  a  maximum  stress  in  the  counter  UtLt, 
loads  at  La'  and  L/.     The  details  of  the  solution  are  shown  in  the  problem. 

(c)  Results. — The  stress  in  the  counter  UiW  and  the  chords  UiUt  and  LjLj' 
may  be  calculated  by  the  method  of  coefficients,  and  will  be  the  same  as  for  a  truss  with 
parallel  chords  having  a  depth  of  25'-0".  The  maximum  stress  in  UiLi'  will  occur  with 
loads  Li  and  Li  on  the  bridge,  when  the  left  reaction  equals  2  X  3P/10  =  3P/5.  The 
stress  in  UiLi'  «  —  3/5P«sec  0  —  —  6.15  tons. 

Problem  34a.     Maximum  and  Minimum  Stresses  in  a  Camel-back  Truss  by 

Algebraic  Moments. 

(a)  Problem. — Given  a  Camel-back  truss,  span  120'-0",  panel  length  20'-0", 
depth  at  hip  25'-0",  depth  at  Ui  30'-0",  depth  at  Uz  30'-0'',  dead  load  300  lb.  per  lineal 
foot  per  truss,  live  load  800  lb.  per  lineal  foot  per  truss.  Calculate  the  maximum  and 
minimum  stresses  due  to  dead  and  live  loads. 


STRESSES  IN  A  CAMElr-BACK  TRUSS. 
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Pboblem  35.    Maximum  and  Minimum  Stresses  in  a  Thbough  Wabren  Truss 

BT  Graphic  Moments. 

(a)  Problem. — Given  a  through  Warren  truss,  span  iW-i/',  panel  length  20'-(K^ 
depth  20^-^',  dead  load  800  lb.  per  lineal  foot  per  truss,  live  load  1,200  lb.  per  lineal 
foot  per  truss.  Calculate  the  maximum  and  minimum  stresses  by  graphic  moments. 
Scale  of  truss,  V  =  20^-0".    Scale  of  loads,  1"  =  50,000  lb. 

(b)  Methods. — Chord  Stresses. — Calculate  the  center  ordinate  of  the  parabola 
"  wL^/Sd  =  98,000  lb.,  and  lay  it  off  at  5  to  the  prescribed  scale.  Now  lay  off  the 
vertical  line  1-5  at  the  left  and  right  abutments.  Make  1-2  =  2-3  =  3-4  =  2  (4-5). 
Draw  the  inclined  lines  1-5,  2-5,  3-5,  4-5,  5-5.  The  intersections  of  these  lines  with 
verticals  dropped  from  the  lower  chord  points  are  points  in  the  stress  parabola  for  the 
upper  chord  stresses.  The  stresses  in  the  lower  chords  are  the  arithmetical  means  of 
the  stresses  in  the  upper  chords  on  each  side.  By  changing  the  scale  the  live  load 
stresses  may  be  scaled  directly  from  the  diagram. 

Web  Stresses. — At  a  distance  of  a  panel  to  the  left  of  the  left  abutment  lay  off  the 
vertical  line  1-8  equal  to  one-half  the  total  live  load  on  the  truss,  to  the  prescribed 
scale,  equal  1,200  X  70  =  84,000  lb.  Now  divide  the  line  1-8  into  as  many  equal  parts 
as  there  are  panels  in  the  truss,  and  mark  the  points  of  division  2,  3,  4,  etc.  Connect 
these  points  of  division  with  the  panel  point  7,  the  first  panel  point  to  the  left  of  the 
right  abutment.  Drop  verticals  from  the  panel  points  of  the  lower  chord  of  the  truss 
to  the  line  1-8,  and  the  intersections  of  like  numbered  lines  will  give  points  on  the  curve 
of  maximum  live  load  shears. 

To  construct  the  dead  load  shear  diagram,  lay  off  3TF,  downward  to  the  prescribed 
scale  under  the  left  abutment,  and  reduce  the  shear  under  each  load  to  the  right  by  W, 
until  the  dead  load  shear  is  —  3W  at  the  right  abutment.  The  dead  load  shear  diagram 
is  then  constructed  as  shown. 

Maximum  and  Minimum  Web  Stresses. — The  maximum  shear  in  any  panel  is  then 
the  ordinate  to  the  right  of  the  panel  point  on  the  left  end  of  the  panel,  and  the  stresses 
in  the  web  members  are  calculated  by  drawing  lines  parallel  to  the  corresponding  member 
as  shown.  Negative  stresses  are  measured  downwards  from  the  live  load  shear  curve, 
and  positive  stresses  are  measured  upwards  from  the  live  load  shear  curve. 

(c)  Results. — This  method  is  an  excellent  one  for  illustrating  the  effect  of  the 
different  systems  of  loads,  but  consumes  too  much  time  to  be  of  practical  use.  It 
should  be  noted  that  the  maximum  ordinate  to  the  chord  parabola  is  not  a  chord  stress 
in  a  Warren  truss  with  an  odd  number  of  panels. 


Problem  35a.    Maximum  and  Minimum  Stresses  in  a  Through  Warren  Truss 

BY  Graphic  Moments. 

(a)  Problem. — Given  a  through  Warren  truss,  span  160'-^",  panel  length  20'-0", 
depth  24'--0'^  dead  load  900  lb.  per  lineal  foot  per  truss,  live  load  1,200  lb.  per  lineal 
foot  per  truss.  Calculate  the  maximum  and  minimum  stresses  due  to  dead  and  live 
loads  by  graphic  moments.    Scale  of  truss,  V  —  25'-0".    Scale  of  loads,  1"  =  50,000  lb. 


STRESSES   BY  GRAPHIC    MOMENTS. 
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Problem  36.     Maximum  and  Minimum  Stresses  in  an  Inclined  Chord  Through 

Warren  Truss  by  Graphic  Resolution. 

(a)  Problem. — Given  an  inclined  chord  through  Warren  truss,  span  lOC-O", 
panel  length  20'-0",  depth  at  the  hip  15'-0",  depth  at  the  second  panel  22'-6",  depth 
at  the  center  25'-0",  dead  load  600  lb.  per  lineal  foot  per  truss,  live  load  1,000  lb.  per 
lineal  foot  per  truss.  Calculate  the  maximum  and  minimum  stresses  due  to  dead 
and  live  loads  by  graphic  resolution.  Scale  of  truss,  1"  =  15'-0".  Scale  of  dead  loads, 
1"  »  9,000  lb.    Scale  of  live  loads  as  shown. 

(b)  Methods. — Construct  a  truss  diagram  and  calculate  the  dead  load  stresses  in 
the  usual  way  as  shown.  The  live  load  chord  stresses  are  found  by  multiplying  the 
dead  load  chord  stresses  by  5/3.  To  calculate  the  maximum  and  minimum  web  stresses 
proceed  as  follows:  Assume  that  the  truss  is  fixed  at  the  right  abutment  and  that  the 
left  reaction  is  Ri  =  say  10,000  lb.  with  no  loads  on  the  bridge.  Then  beginning  at  the 
left  reaction  jRi,  calculate  by  graphic  resolution  the  stresses  in  the  different  members 
of  the  truss  due  to  the  left  reaction  of  10,000  lb.,  there  being  no  loads  on  the  bridge. 
The  reaction  is  laid  off  to  a  scale  of  1"  =  6,000  lb.  Now  to  calculate  the  maximum  live 
load  stress  in  any  web  member  multiply  the  stress  as  scaled  from  the  diagram  by  the 
ratio  of  the  left  reaction  which  produces  the  maximum  stress  to  10,000  lb.  For  ex- 
ample, the  member  1-2  has  a  maximum  stress  with  all  the  joints  loaded  and  the  reaction 
is  20,000  lb.,  or  the  scale  of  the  stress  is  1"  =  12,000  lb.  The  stress  1-2  then  equals 
—  14,500  lb.  The  maximum  live  load  stress  in  2-3  occurs  with  loads  at  the  three  panel 
points  at  the  right,  and  R$  »  1/5(3  X  2P)  =  12,000  lb.,  or  the  scale  of  the  stress  in  the 
diagram  is  1"  =  7,200  lb.,  and  the  stress  in  2-3  equals  +  7,900  lb.  The  stresses  in  the 
remaining  web  members  are  calculated  in  the  same  manner. 

(c)  Results. — This  solution  may  be  used  to  calculate  the  maximum  and  minimum 
stresses  in  any  truss,  but  it  is  best  adapted  to  the  solution  of  stresses  in  trusses  like  the 
one  shown.  The  maximum  and  minimum  stresses  are  given  on  the  right  hand  side 
of  the  truss  diagram. 


Problem  36a.    Maximum  and  Minimum  Stresses  in  an  Inclined  Chord  Through 

Warren  Truss  by  Graphic  Resolution. 

• 

(a)  Problem. — Given  an  inclined  chord  through  Warren  truss,  span  120'-0", 
panel  length  20'-0'',  depth  at  the  hip  15'-0'',  depth  at  the  second  panel  in  the  top 
chord  22'-6'',  depth  at  the  third  panel  25'-0''  (middle  panel  has  parallel  chords),  dead 
load  600  lb.  per  lineal  foot  per  truss,  live  load  1,100  lb.  per  lineal  foot  per  truss.  Calcu- 
late the  maximum  and  minimum  stresses  due  to  dead  and  live  loads  by  graphic 
resolution.  Scale  of  truss,  1"  =  20'-0".  Scale  of  dead  loads,  1"  =  10,000  lb.  Scale 
of  live  loads  as  calculated. 
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Problem  37.     Maximum  and  Minimum  Stresses  in  a  Through  K-truss  bt 

Algebraic  Resolution  (Method  of  Coefficients). 

(a)  Problem. — Given  a  through  K-truss,  span  IGO'-C',  panel  length  16'-0", 
depth  32'-0",  dead  load  5  tons  per  joint  per  truss,  live  load  6  tons  per  joint  per  truss. 
Calculate  the  maximum  and  minimum  stresses  due  to  dead  and  live  loads  by  algebraic 
resolution.    Scale  of  truss  1"  =  24'-0". 

(b)  Methods. — Construct  three  truss  diagrams  as  shown. 

Dead  Load  Stresses, — The  horizontal  components  of  the  stress  in  the  diagonals  in 
the  third  and  following  panels  must  be  equal  but  opposite  in  direction.  The  shear  in 
the  panel  is  therefore  equally  divided  between  the  two  diagonals.  The  coefficients  are 
given  in  fourths  of  W  for  convenience.  The  stress  in  the  first  hanger  will  be  —  4 
fourths,  and  the  coefficient  of  the  stress  in  the  diagonal  will  be  +  2  fourths.  The 
shear  in  the  third  panel  will  be  18  fourths  minus  8  fourths,  which  is  10  fourths.  The 
coefficient  of  the  stress  in  the  upper  and  lower  diagonals  will  be  +  5  and  —  5  fourths, 
respectively.  In  like  manner,  the  coefficients  of  the  stress  in  the  upper  and  lower 
diagonals  in  the  fourth  panel  will  be  +  3  fourths  and  —  3  fourths,  respectively;  and 
the  coefficients  in  the  fifth  panel  +  1  fourth  and  —  1  fourth,  respectively.  The  coeffi- 
cients of  the  stresses  in  the  posts  and  in  the  chords  are  calculated  by  algebraic  resolution 
in  the  same  manner  as  for  a  Baltimore  truss. 

Live  Load  Stresses. — The  maximum  stress  in  the  diagonals  in  the  third  panel  occurs 
with  7  loads  to  the  right  of  the  panel  and  with  no  loads  to  the  left  of  the  panel.  The 
shear  in  the  panel  is  then  equal  to  the  left  reaction,  equals  7  X  4  X  P/10  =  14P/5 
and  the  coefficient  of  the  stress  is  -|-  28  twentieths  and  —  28  twentieths  in  the  upper 
and  lower  diagonal,  respectively.  The  maximum  shear  in  the  fourth  panel  will  o);cur 
with  6  loads  to  the  right  and  no  loads  to  the  left,  and  will  be  equal  to  the  left  reaction, 
equals  6  X  3^  X  P/10  =  21P/10,  and  the  coefficient  of  the  stress  is  -|-  21  twentieths 
and  —  21  twentieths  in  the  upper  and  lower  diagonals,  respectively.  The  maximum 
negative  shear  in  the  sixth  panel  occurs  with  4  loads  on  the  truss  to  the  right  and  no 
loads  to  the  left.  The  diagonals  arc  designed  to  take  a  reversal  of  stress  and  no  counters 
are  required.  The  maximum  stresses  occur  in  the  upper  section  of  the  posts  when 
maximum  stress  occurs  in  the  web  members  meeting  them  on  the  top  chord.  The  maxi- 
mum stresses  in  the  lower  part  of  the  posts,  with  the  exception  of  the  second  post  which 
is  really  a  tie,  occur  when  maximum  stress  occurs  in  the  diagonal  member  meeting 
the  top  of  the  lower  section  of  the  post. 

(c)  Results. — It  will  be  noted  that  the  upper  part  of  the  K-truss  has  Howe  truss 
diagonals  and  vertical  ties,  while  the  lower  part  has  Pratt  truss  diagonals  and  vertical 
posts.  The  K-truss  has  smaller  secondary  stresses  due  to  rigidity  of  the  joints  than 
either  the  Baltimore  or  Petit  truss,  and  is  rapidly  replacing  these  trusses  for  long  span 
bridges.     For  long  spans  the  K-truss  is  commonly  made  with  inclined  upper  chords. 

Problem  37a.     Maximum  and  Minimum  Stresses  in  a  Through  K-truss  by 

Algebraic  Resolution  (Method  of  Coefficients). 

(a)  Problem. — Given  a  through  K-truss,  span  216'-0",  panel  length  18'-0", 
depth  36'-0",  dead  load  5  tons  per  joint  per  truss,  live  load  6  tons  per  joint  per  truss. 
Calculate  the  maximum  and  minimum  stresses  due  to  dead  and  live  loads  by  algebraic 
resolution.    Scale  of  truss  1"  =  30'-0". 
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Problem  38.     Maximum  and  Minimum  Stresses  in  a  Petit  Truss  bt  Algebraic 

Moments. 

(a)  Problem.— -Given  a  Petit  truss,  span  350'4)",  panel  length  25'-0",  depth  at 
the  hip  5(y-0",  depth  at  center  58'-0",  dead  load  0.9  tons  per  lineal  foot  per  truss, 
live  load  1.4  tons  per  lineal  foot  per  truss.  Calculate  the  maximum  and  minimum 
stresses  due  to  dead  and  live  loads  by  algebraic  moments.  Scale  of  truss,  1"  =  40'-0''. 
Scale  of  lever  arms,  any  convenient  scale. 

(b)  Methods. — Construct  a  truss  diagram  carefully  to  scale  as  shown.  Construct 
one-half  the  truss  to  scale  on  a  large  piece  of  paper  and  calculate  the  lever  arms  as 
shown,  and  check  by  scaling  from  the  diagram.  The  methods  of  calculation  will  be 
shown  by  two  examples: 

1.  Stresses  in  Tie  6-7,  Dead  Load  Stress, — Pass  a  section  cutting  members  7-X, 
6-7,  and  ft-F,  and  cutting  away  the  truss  to  the  right.  The  center  of  moments  will 
be  at  A,  the  intersection  of  chords  7-X  and  6-F.  Now  assume  the  stress  in  6-7  as  an 
external  force  acting  from  the  outside  toward  the  cut  section.  Then  for  equilibrium 
6-7  X  477.0  +  RiX  575  -  SW  X  625  =  0.  Now  Ri  =  146.25  tons  and  W  =  22.5 
tons,  and  solving  the  equation  gives  stress  6-7  =  —  87.8  tons. 

Live  Load  Stresses.  The  maximum  live  load  stress  in  6-7  will  occur  with  the  longer 
segment  of  the  truss  loaded.  Taking  moments  about  point  A  as  for  the  dead  loads 
the  maximum  live  load  stress  6-7  X  477.0  +  Ri  X  575  =  0.  Now  Ri  =  55/14  X  35 
tons  =  137.5  tons,  and  the  stress  in  6-7  =  —  165.8  tons. 

The  minimum  live  load  stress  in  6-7  will  occur  with  the  shorter  segment  of  the 
truss  loaded.  Taking  moments  about  the  point  A,  6-7  X  477.0  +  Ri  X  575  —  3P 
X  625  =  0.     Now  jRi  =  90  tons,  P  =  35  tons,  and  stress  in  6-7  =  +  29.1  tons. 

2.  Stresses  in  Tie  4-7.  Dead  Load  Stress, — Pass  a  section  cutting  members  7-X, 
4-7,  4-5  and  5-7,  and  cutting  away  the  truss  to  the  right.  Now  assume  the  stress 
in  4-7  Eis  an  external  force  acting  from  the  outside  toward  the  cut  section.  Then  for 
equilibrium  about  the  point  A,  stress  4-7  X  477.0  +  jBi  X  575  —  stress  4-5  X  442.0 
—  2W  X  612.5  =  0.  Now  the  member  4-5  will  carry  one-half  the  load  carried  by  5-6, 
and  the  stress  equals  1/2  X  22.5  X  1.414  =  +  15.9  tons.  Ri  =  146.25  tons,  and 
2Tr  =  45  tons.     Then  stress  4-7  =  -  103.6  tons. 

Live  Load  Stresses, — The  maximum  live  load  stress  in  4-7  will  occur  with  the 
longer  segment  loaded.  Taking  moments  about  A  as  for  dead  loads,  stress  4-7  X  477.0 
+  Bi  X  575  -  stress  4-5  X  442.0  =  0.  Now  stress  4-5  =  +  24.8  tons,  and  Ri  =  66/14 
X  35  =  165  tons.     Then  stress  4-7  =  —  175.7  tons. 

The  minimum  live  load  stress  in  4-7  will  occur  with  two  loads  to  the  left  of  the 
panel.  Taking  moments  about  the  point  A,  the  stress  4-7  X  477.0  +  Ri  X  575  —  2P 
X  612.5  =  0.     Now  Ri  =  62.5  tons  and  2P  =  70  tons.     Then  stress  4-7  =  -|-  14.5  tons. 

The  stresses  in  the  members  in  the  first  and  second  panels  and  in  the  two  middle 
panels  may  be  calculated  by  coefficients.  Check  up  the  dead  load  chord  stresses  by 
comparing  with  the  stresses  obtained  by  graphic  resolution  in  Problem  6. 

(c)  Results. — The  auxiliary  members  carry  the  stresses  directly  toward  the  abut- 
ments and  there  is  no  ambiguity  of  loading  as  in  the  case  of  a  truss  subdivided  as  in 
Problem  32.  The  Petit  truss  is  quite  generally  used  for  long  span  pin-connected  high- 
way and  railway  bridges. 
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Problem  38a.     Maximum  and  Minimum  Stresses  in  a  Petit  Truss  bt  Algebraic 
Moments. 
(a)  Problem. — Given  a  Petit  truss  with  the  same  spaa  and  loads  as  in  Problem  3S, 
the  auxiliary  bracing  to  be  the  same  as  In  Problem  32.     Calculate  the  maximum  and 
minimum  stresses  due  to  dead  and  live  loads  by  algebraic  moments. 

Id 
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Problem  39.    Live  Load  Stresses  in  a  Through  Pratt  Truss  for  Cooper's  £  60 

Loading. 

(a)  Problem.— Given  a  Pratt  truss,  span  165'-0",  panel  length  23'-6J^",  depth 
30'-0",  live  load  Cooper's  E  60  loading.  Calculate  the  position  of  the  loads  and  the 
maximum  and  minimum  stresses  due  to  the  prescribed  loading  by  algebraic  moments. 
Scale  of  truss,  1"  =  25'-0". 

(b)  Methods.  Chord  Stresses, — Calculate  the  position  of  the  wheels  for  a  maximum 
bending  moment  at  the  different  joints  in  the  lower  chord.  The  criterion  for  maximum 
bending  moment  at  any  joint  in  a  Pratt  truss  is,  'Hhe  average  load  on  the  left  of  the  sec- 
tion must  be  the  same  as  the  average  load  on  the  entire  bridge."  Having  determined 
the  wheel  that  is  at  the  joint  for  a  maximum  moment,  calculate  the  maximum  bend- 
ing moment  as  shown.  Having  calculated  the  maximum  bending  moments,  the  chord 
stresses  are  found  by  dividing  the  bending  moment  by  the  depth  of  the  truss.  The 
moment  diagram  is  given  in  Table  II,  Chapter  YIII. 

Weh  Stresses. — Calculate  the  position  of  the  wheels  for  maximum  shears  in  the 
different  panels.  The  criterion  for  maximum  shear  in  a  panel  is,  '*the  load  on  the  panel 
must  equal  the  load  on  the  bridge  divided  by  the  number  of  panels."  The  criterion 
for  maximum  bending  moment  at  Li  is  the  same  as  the  criterion  for  maximum  shear  in 
panel  LqLi.  Having  determined  the  position  of  the  wheels  for  maximum  shears  in  the 
different  panels,  calculate  the  maximum  shears  as  shown.  The  stress  in  a  web  is  equal 
to  the  shear  in  the  panel  multiplied  by  sec  d. 

Floorbeam  Reaciion. — The  stress  in  the  hip  vertical  UiLi  is  equal  to  the  maximum 
floorbeam  reaction.  This  is  calculated  as  follows:  Take  a  simple  beam  with  a  span 
equal  to  the  sum  of  two  panel  lengths  and  calculate  the  maximum  bending  moment 
at  the  point  in  the  beam  correspK)nding  to  the  panel  point;  in  this  case  it  will  be  the 
center  of  the  span.  This  bending  moment  multiplied  by  the  sum  of  the  panel  lengths 
divided  by  the  product  of  the  panel  lengths  will  be  the  maximum  floorbeam  rea'ction; 
in  this  case  the  maximum  bending  moment  at  the  center  will  be  multiplied  by  2  divided 
by  the  panel  length. 

(c)  Results. — When  the  maximum  stresses  occur  in  chords  U2Ut,  VzUi  and  LiLt, 
counter  UzLi  is  in  action.  It  occasionally  happens  that  there  is  more  than  one  position 
of  the  loading  that  will  satisfy  the  criterion  for  maximum  bending  moment.  In  this 
case  the  moments  for  each  loading  must  be  calculated. 

Problem  39a.  Stresses  in  a  Through  Pratt  Truss  for  Cooper's  E  60  Loading. 
(a)  Problem. — Given  a  Pratt  truss,  span  200'-0",  panel  length  25'-0",  depth 
32'-0",  live  load  Cooper's  E  60  loading.  Calculate  the  position  of  the  loads  and  the 
maximum  and  minimum  stresses  due  to  the  prescribed  loading  by  algebraic  moments. 
Check  the  concentrated  live  load  stresses  by  calculating  the  maximum  and  minimum 
stresses  for  the  equivalent  uniform  live  load  as  given  in  Fig.  2,  Chapter  VIII.  Scale  of 
truss,  1"  =  30'-0". 
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Pboblem  40.    Calculation  of  the  Deflection  of  a  Steel  Beam  by  Graphics. 

(a)  Problem.— Given  a  12"  I  @  31  Ji  lb.  per  foot,  span  40'-0",  load  5,000  lb. 
applied  16'-0"  from  the  left  support.  /  =  215.8  in.*.  E  =  30,000,000  lb.  per  sq.  in. 
Calculate  the  maximum  deflection  due  to  the  load,  and  the  maximum  deflection  under 
the  load  by  the  graphic  method.  Scale  of  beam,  1"  =  6'-^'.  Scale  of  loads,  1" 
=  2,000  lb.  Pole  distance,  H  =  4,000  lb.  Scale  of  areas,  1"  =  60  sq.  ft.  Pole  distance, 
W  »  240  sq.  ft. 

(b)  Methods. — Construct  force  polygon  (a)  and  draw  bending-moment  polygon 
(b).  Divide  polygon  (b)  into  segments,  and  assume  that  each  area  acts  as  a  load  through 
its  center  of  gravity.  Construct  force  polygon  (c),  and  draw  equilibrium  polygon  (d). 
Polygon  (d)  is  a  curve  which  has  ordinates  proportional  to  the  true  deflections. 

(c)  Results. — The  maximum  deflection  comes  between  the  load  and  the  center  of 
the  bfam.  If  the  area  of  the  polygon  (b)  is  measured  in  square  inches  and  the 
ordinates  in  (d)  measured  in  inches  the  deflection  will  he  A  =  y  X  H  X  H'  -i-  E'l. 
In  the  problem  this  result  must  be  multiplied  by  1,728.  The  closing  lines  of  polygons 
(b)  and  (d)  need  not  be  horizontal.  The  solution  given  above  may  be  very  simply 
stated  as  follows:  Construct  the  bending-moment  polygon  for  the  given  loading  on  the 
beam.  Load  the  beam  with  this  bending-moment  polygon,  and  with  a  force  polygon 
having  a  pole  distance  equal  to  E'l,  construct  an  equilibrium  polygon;  this  polygon 
will  be  the  elastic  curve  of  the  beam.  It  is  not  commonly  convenient  to  use  a  pole 
distance  equal  to  E-Ij  and  a  pole  distance  H  is  used,  where  n-H  equals  E'L  For  a 
discussion  of  this  subject  see  Chapter  XIV.  Compare  this  problem  with  Fig.  6,  Chapter 
XIV. 

It  will  be  seen  that  the  maximum  deflection  of  the  beam  will  not  come  under  the 
load  but  will  occur  at  a  point  between  the  load  and  the  center  of  the  beam.  For  the 
equation  of  the  elastic  curve  of  the  beam  and  the  point  of  maximum  deflection  in  the 
beam,  see  "Structural  Engineers'  Handbook,"  page  537. 

Problem  40a.     Calculation  of  the  Deflection  of  a  Steel  Beam  by  Graphics. 

(a)  Problem.— Given  a  12"  I  @31J^  lb  .per  foot  span  40'-0",  load  3,000  lb. 
applied  16'-0"  from  the  left  support,  and  3,000  lb.  applied  12'-0"  from  the  right  support. 
/  =  215.8  in.*.  E  =  30,000,000.  Calculate  the  maximum  deflection  due  to  the  load, 
and  the  maximum  deflection  under  the  load  by  the  graphic  method.  Scale  of  beam, 
1"  »  6'-0".  Scale  of  loads,  1"  =  2,000  lb.  Pole  distance,  H  =  4,000  lb.  Scale  of 
areas,  1"  =  60  sq.  ft.     Pole  distance,  H'  =  240  sq.  ft. 
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PART  11. 

DEFLECTIONS     OF    STRUCTURES    AND    STRESSES     IN 
STATICALLY    INDETERMINATE    STRUCTURES. 


CHAPTER  XIV. 
Abea  Moments  and  Curved  Influence  Lines. 

Introduction. — With  a  simple  beam  carrying  vertical  loads,  if  a  force  polygon  be 
constructed  for  the  given  loads  with  a  pole  distance  unity,  and  an  equilibrium  polygon 
be  constructed  with  this  force  polygon,  the  resulting  equilibrium  polygon  will  be  the 
bending  moment  polygon  for  the  beam  with  the  given  loading.  In  a  similar  manner 
if  the  same  beam  be  loaded  with  the  bending  moment  polygon  due  to  the  given  loading, 
if  a  force  polygon  be  constructed  for  the  new  loads  with  a  pole  distance  equal  to  E-I, 
and  an  equilibrium  polygon  be  constructed  with  this  force  polygon,  the  resulting  polygon 
will  be  the  elastic  curve  for  the  beam  when  carrying  the  given  loading. 
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Fig.  1. 


AREA  MOMENTS. — ^First  Theorem. — Load  a  simple  beam  with  a  continuous 
load  represented  by  the  equation  0  =  /r,  as  in  (a)  Fig.  1.  Assume  that  each  differ- 
ential load,  <f>'dXf  acts  through  its  center  of  gravity.  Now  construct  a  force  polygon 
as  in  (c)  and  an  equilibrium  polygon  as  in  (6)  Fig.  1.  Now  in  (6)  the  tangent  of  the 
angle  between  any  side  of  the  equilibrium  polygon  and  the  X-axis  is  tan  a  =  dy/dx. 
If  string  h-0  in  (6)  be  produced  until  it  cuts  the  vertical  line  through  3,  it  will  cut 
off  the  intercept  3-3',  which  is  the  difference  between  two  consecutive  values  of  dy, 
and  therefore  equals  cPy. 

Now  it  has  been  proved  in  Chapter  I,  that  the  moment  of  the  force  acting  through 
point  2  in  (6)  about  point  3,  is  equal  to  the  intercept  3-3  multiplied  by  the  pole  distance 
H,  is  equal  to  d^yH,  But  the  moment  of  the  differential  load  Jx-dx  which  acts  through 
point  2  about  point  3,  is  fx'dx^,  and 
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and 


fx-dx^  =  d^-H 


H 


(1) 


which  is  the  differential  equation  of  the  equilibrium  polygon  in  (6). 

Now  if  the  loading  be  taken  so  that  <f>  =  fx  =  M,  where  M  is  the  bending  moment 
at  any  point  due  to  a  given  loading,  and  if  the  pole  distance  H  be  taken  equal  E-I, 
where  E  is  the  modulus  of  elasticity  and  I  is  the  moment  of  inertia  of  the  beam,  equa- 
tion (1)  becomes 

which  has  been  proved  in  Applied  Mechanics  to  be  the  differential  equation  of  the 
elastic  curve  of  the  given  beam.  If  fx  in  (a)  be  made  equal  to  M^  and  in  (c)  the  pole 
distance  H  be  made  equal  to  E'l^  the  resulting  equilibrium  polygon  in  (b)  will  be  the 
elastic  curve  of  the  beam. 

The  first  or  beam  area  moment  theorem  then  is  as  follows: — ^* Construct  the  bending 
moment  polygon  for  the  given  loading  on  the  beam.  Load  the  beam  vrith  this  bending 
moment  polygon,  and  with  a  force  polygon  having  a  pole  distance  E'l,  constrtict  an  equi^ 
librium  polygon;  this  polygon  vrill  be  the  elastic  curve  of  the  given  beam.'*  If  a  pole 
distance  H  is  used  where  n'H  =  E'l,  the  deflection  at  any  point  will  be  equal  to  the 
measured  ordinate  divided  by  n.  For  a  beam  with  variable  moment  of  inertia  the 
theorem  of  area  moments  may  be  used  if  the  beam  is  loaded  at  each  point  with  M  divided 
by  /,  and  a  pole  distance  be  taken  equal  to  ^;  or  if  the  beam  be  loaded  with  M  -^  E-I, 
and  the  pole  distance  be  taken  equal  to  unity. 

Second  Theorem. — In  (b)  Fig.  1  the  unstrained  beam  is  represented  by  the  dotted 
straight  line  A-B\  and  the  bent  beam  by  the  polygon  A-1-2-3-4.  The  deflection  of 
the  beam  at  B'  from  a  tangent  to  the  elastic  curve  at  A  will  be  the  distance  yt.  But 
the  moment  of  the  loads  to  the  left  of  B'  is  equal  to  yi-H,  and  y2  =  static  moment 
about  B'  of  moment  areas  between  B*  and  A  divided  by  H. 


K5- 


l-i^L ^ 

(3)  «!^--^'v;«  u ../.  -  -  ^ 


Fig.  2. 

Now  if  a  beam  is  loaded  with  the  bending  moment  polygon  due  to  the  given 
loading,  and  the  pole  distance  H  be  taken  equal  to  E-l,  the  following  theorem  will 
follow. — *'/n  a  beam  with  a  constant  cross-section  the  deflection  of  the  point  Bfrom  a  tangent 
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to  the  beam  at  the  point  A,  wiU  be  equal  to  the  static  moment  of  the  moment  area  between 
A  and  B  about  B,  divided  by  EL'' 

This  theorem  may  also  be  proved  as  follows: — In  Fig.  2  the  polygon  a-a'-6-6'  is 
the  moment  polygon  of  the  beam  A-B,  Now  from  Applied  Mechanics  the  deflection 
of  B  from  a  tangent  at  A,  is 

y  =    I     M-m-dx/E'I 


(3) 


Now  if  a  unit  load  be  placed  at  B,  the  moment  at  a  point  a  distance  x  from  B  will 
be  m  =  X.  Now  if  H  is  the  pole  distance  of  the  force  polygon  used  in  drawing  the 
moment  polygon,  then  M  =  H'Z,  and  substituting  in  (3) 

y  =  H  j     Z'X'dxIE'I  (4) 

But  H'Z'dx  is  the  differential  moment  area,  and  H-Z'Z'dz  is  the  static  moment  of 
the  differential  moment  area  about  B,  and  the  second  theorem  is  proved. 

The  change  in  curvature  at  any  point  may  be  calculated  as  follows: — The  angular 
change  at,  any  point  in  a  beam  may  be  found  by  integrating  equation  (2),  and 


0'  =  dy/dx 


-/ 


M-dxlE-I 


(5) 


and  the  total  angular  change  between  A  and  B  will  be 

I     M'dx/E'I  =  H   I     Z'dx/E'I 

A  Ja 

which  proves  that  **The  angular  change  between  any  two  points  A  and  B,  is  equal  to 
the  moment  area  between  A  and  B  divided  by  E'l" 

Simple  Beam. — Concentrated  Load  at  Center  of  Beam. — The  simple  beam  in  (a), 
Fig.  3,  is  loaded  with  a  load,  P,  at  the  center.  The  bending  moment  diagram  is  shown 
in  (b)f  and  the  beam  is  loaded  with  the  bending  moment  diagram  in  (c),  Fig.  3. 


i' 


^tf ^ ^^  f^l^ 7 A^». 


^Pi.'^^b) 


(c) 

Fia.  3. 

To  find  the  equation  of  the  elastic  curve,  take  moments  of  the  forces  to  the  left  of  a 
point  at  a  distance  x,  from  the  left  support,  and  the  deflection  of  the  beam  at  any  point 
in  the  beam  (a),  Fig.  3,  will  be  equal  to  the  bending  moment  at  the  corresponding  point 
in  the  beam,  (6),  Fig.  3,  divided  by  E-I,  and 
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and 


(6) 
(7) 


The  maximum  deflection  will  occur  when  x  =  1/2  in  equation  (7),  or  it  may  be 
found  by  taking  moments  of  forces  to  the  left  of  a;  =  1/2,  to  be 

A  =  P-P/48E-/  (8) 

The  slope  of  the  tangent  to  the  elastic  curve  at  the  supports  will  be  equal  to  the 
left  reactions  of  beam  in  (c),  divided  by  E-I;  and  tan  ^  =  P'l^ll6E-L 

Beam  UnifornUy  Loaded. — The  simple  beam  in  (a),  Fig.  4,  is  loaded  with  a  uniform 
load  of  w  per  linear  foot.  The  bending  moment  parabola  is  shown  in  (6),  and  the  beam 
is  loaded  with  the  bending  moment  parabola  in  (c).  To  find  the  equation  of  the  elastic 
curve,  take  moments  of  forces  to  the  left  of  a  point  at  a  distance,  z,  from  the  left  support. 

The  equation  of  the  bending  moment  parabola  with  the  origin  of  the  co-ordinates 
at  the  left  support  is  y  =  ^W'l'Z  —  ^wx*;  the  area  of  a  segment  of  the  parabola  is 

A  =  \w'l-x'^  —  ^W'3^  (9) 

and  the  center  of  gravity  measured  back  from  x  is 

-  X  =  a;(2/  -  x)m  -  4a;)  (10) 

Taking  moments  of  forces  to  the  left  of  a  point  x,  and  reducing,  we  have 

24E'Iy  =  io(-  X*  +  21-3^  -  P'X)  (11) 

The  deflection  is  a  maximum  when  x  =  Z/2,  and  may  be  found  directly  by  taking 
moments,  or  may  be  found  from  equation  (11),  and  is 


A  =  5w'l*'ISS^E'I 
(See  Fig.  12  for  areas  and  centroids  of  moment  diagrams.) 


(12) 


Fig.  5. 

For  a  beam  with  a  variable  moment  of  inertia,  the  transformed  beams,  (6),  Figs. 
3  or  4,  should  be  loaded  with  the  bending  moment  divided  by  the  moment  of  inertia,  /, 
at  each  point,  or  with  the  bending  moment  divided  by  E-I  at  each  point,  if  both  the 
modulus  of  elasticity  and  the  moment  of  inertia  are  variable. 

The  slope  of  the  tangents  to  the  elastic  curve  at  the  supports  will  be  equal  to  the 
reactions  of  the  beam  (c),  Fig.  4,  divided  by  E-I,  and  tan  4>  =  W'?I2AE'I, 
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Cantilever  Beam. — Concentrated  Load. — The  cantilever  beam  in  Fig.  5  carries  a 
load  P  at  its  free  end.  Load  the  beam  with  the  bending  moment  polygon  due  to  the 
load  P  as  shown  in  (6)  Fig.  5.  Then  from  the  second  moment  area  theorem,  the  deflec- 
tion y  at  a  distance  z  from  the  left  end  will  be  given  by  the  equation 

QE'I-y  =  SP'l'X^  -  P'S^  (13) 

The  maximum  value  of  y  will  occur  when  x  =  I,  and 

A  =  P'^ISE'I  (14) 

The  slope  of  the  beam  at  the  end  is 


Jo 


ai  =  tan  «  =   I    M-dx/E-I  =  PPI2E'I  (15) 

Jo 

From  (c)  Fig.  6  it  will  be  seen  that  the  tangents  to  the  elastic  curve  of  the  beam 
intersect  on  a  vertical  line  through  the  center  of  gravity  of  the  moment  area.  The 
deflection  at  the  end  of  the  beam  in  Fig.  5,  will  be  tan  4>  X  22/3  and 

A  =  (P-P/2^- J)(2Z/3)  =  P'^IZE'l  (16) 

Deflection  of  a  Simple  Beam« — Graphic  Method. — In  Fig.  6  a  simple  beam  of 
constant  cross-section  is  loaded  with  a  load  P  as  shown.  With  force  polygon  (&)  draw 
moment  polygon  (c).  Divide  the  area  of  the  moment  polygon  in  (c)  into  segments  as 
shown.  Assume  that  these  segments  are  loads  acting  through  their  centers  of  gravity. 
Construct  force  polygon  (d)  and  draw  equilibrium  polygon  (e). 

Now  the  deflection  at  any  point  will  be 

A  =  yH'H'lE'I  (17) 

If  P  is  in  pounds,  the  area  of  the  moment  polygon  and  pole  distance  H'  are  measured 
in  square-foot-pounds,  the  pole  distance  H  in  pounds,  and  y  in  feet,  the  deflection  in 
inches  will  be 

A  =  1728y'H'H'IE'I  (18) 

Tangents  to  Elastic  Curve. — If  the  strings  at  1  and  3  be  produced  until  they  meet 
they  will  intersect  at  point  2,  which  is  on  a  vertical  line  through  the  center  of  gravity  of 
the  moment-area  polygon,  and  the  strings  1-2  and  2-3  will  be  tangents  to  the  elastic 
curve  at  the  supports  Ri  and  Riy  respectively.  This  gives  a  simple  method  for  con- 
structing the  tangents  to  the  elastic  curve  at  the  supports  without  constructing  the 
elastic  curve.  It  will  also  be  seen  that  the  tangents  to  the  elastic  curve  at  the  supports 
depend  only  upon  the  amount  of  the  moment  area  and  the  position  of  its  center  of 
gravity,  and  are  independent  of  the  arrangement  of  the  moment  areas. 

Deflection  of  Beams  Fixed  at  Ends. — From  Fig.  6  it  will  be  seen  that  the  tangents 
to  the  elastic  curve  at  the  supports  depend  upon  the  amount  of  the  bending  moment 
area  and  upon  the  position  of  the  center  of  gravity  of  the  bending  moment  area.  To 
bring  the  tangents  in  (e)  Fig.  6,  back  to  a  horizontal  position  it  will  be  necessary  to 
load  the  beam  with  a  negative  bending  moment  area,  equal  to  the  positive  bending 
moment  area  and  having  its  center  of  gravity  in  the  same  vertical  line.  For  a  beam 
fixed  at  the  ends  the  conditions  for  fixidity  are,  (1)  that  the  sum  of  the  moment 
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areas  equal  zero,  ZM  =  0,  and  (2)  that  the  static  moment  of  the  moment  areas  about 
any  point  equal  zero,  ZM-x  =  0.  For  a  beam  with  a  variable  moment  of  inertia  the 
conditions  for  fixidity  are  S(M-dx/^-/)  =  0,  and  S(M -x-dx/J^-/)  =  0. 


—  4   i^'-fff'^ 


'I@25lb.  I'IZll 


"^"^T 


\R' 


I       I 


±±V 


(d)  Area  Moment  Polygon 


Fig.  6. 


In  Fig.  7  the  beam  with  span  I  is  fixed  at  the  ends,  and  carries  a  load  P  at  a  distance  a 
from  the  left  end.  The  bending  moment  at  the  left  and  right  ends  is  Mi  and  Afs, 
respectively,  M\  and  M2  being  negative.  The  moment  under  the  load  is  Mp  «= 
F'ai),  —  a)\L    To  calculate  the  end  reactions  we  have  from  the  first  condition 


SAf  =  \F'a{jL  -  a)  +  i(M  1  +  U^l  =  0 
Also  from  the  second  condition,  taking  moments  about  the  left  reaction 


(19) 


SM-x  = 


F^a^i),  -  o)       2a      F-aiJ.  - 


2Z 


Xj  + 


21 


a)«      / 


0+ 


i  - 


') 


Mi-l      I       Mt-l      22 


(20) 
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The  values  of  Mi  and  M2  can  be  calculated  from  equations  (19)  and  (20)  for  any 
value  of  a. 


Fig.  7. 


In  Fig.  7,  if  a  =  //2,  there  results  after  reduction,  from  (19) 


and  from  (20) 
Multiply  (21)  by  2,  and 


P'l  +  4Mi  +  4M2  =  0 
SP'l  +  SMi  +  I6M2  =  0 
2P'l  +  8Mi  +  SM2  =  0 


(21) 
(22) 
(23) 


and  subtracting  (23)  from  (22),  and 


and 


P'l  +  SMt  =  0 
M2 P'llS  =  Ml 


(24) 


The  maximum  positive  moment  will  be  M  =  P'l/Sf  and  the  points  of  contra- 
flecture  will  be  at  the  quarter  points  of  the  beam.  For  a  load  at  the  center,  a  beam 
fixed  at  the  ends  is  the  equivalent  of  two  cantilever  &eams  with  spans  equal  \l,  and  a 
simple  beam  with  a  span  il. 

Continuous  Beams. — A  beam  which  in  an  unstrained  condition  rests  on  more  than 
two  supports  is  a  continuous  beam.  For  a  straight  beam  the  supports  must  be  on  a 
level  or  be  in  a  straight  line.  Beams  of  one  span  with  one  end  fixed  and  the  other  end 
supported,  or  with  both  ends  fixed,  may  also  be  considered  as  continuous  beams. 

In  a  beam  with  more  than  two  supports  with  freely  supported  ends,  all  reactions 
in  excess  of  two  are  redundant  (unnecessary  for  static  equilibrium),  and  the  reactions 
depend  upon  the  elastic  properties  of  the  beam.  In  a  continuous  beam  of  two  spans 
continuous  over  the  middle  support  the  middle  reaction  may  be  considered  redundant 
as  in  Fig.  8.  The  deflection  of  the  beam  in  line  with  the  reaction,  when  the  middle 
reaction  is  taken  out,  will  be  equsA  to  the  deflection  of  the  unloaded  beam  due  to  the 
middle  reaction.  In  Fig.  8  the  deflection  at  the  middle  of  a  span  equal  to  V  =  21 
due  to  the  uniform  load  w  will  be 


While  the  deflection  due  to  the  reaction  Rt  will  be 


(25) 
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(b)  Deffecfion,  Uniform  Load 


'J. 


A  ^M 


(c)  DefJecfioHj  Reaction  R 2 


Fig.  8. 


Equating  Ai  and  A2  and  solving  for  R2,  there  results 


(26) 


(27) 


General  Theorem. — In  Fig.  9  the  continuous  beam  in  (d)  with  spans  h  and  U 
carries  a  uniform  load  w  per  lineal  foot.  It  is  required  to  calculate  the  reactions  Ri, 
R2,  and  Rz. 

f-Loacf  w  pet/m.  ft. 


V//M}^r/j7//A7A7j7/AC6yAy/A7^^^ 


1^  -•  ■"     6/     *■  *"  ^^^  —  —  —   ^      «.  _  .  i^ 
nr— -^  IV— -| 


y///jy//^^^////y\y///////^^^^ 


(cf) 


Fig.  9. 


The  reactions  of  the  continuous  beam  in  (a)  may  be  replaced  by  the  reactions  of 
the  two  simple  beams  loaded  with  the  uniform  load  w  in  (6),  and  the  reactions  and  the 
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load  of  the  simple  beam  with  the  span  li  +  U  and  carrjring  a  negative  load  u'  in  (c). 
The  reactions  in  (a)  will  then  hjfve  the  following  values;  /2i  =  ri  —  r/;  i^i  =  rj  +  rj'; 
Rz  =  Tz  —  r\ 

Now  the  upward  curvature  of  the  beam  in  (a)  due  to  the  load  r%  will  be  neutralized 
by  the  load  above  equal  to  rt  which  is  transferred  to  the  reaction  Rt  by  flexure  in  the 
beam.  The  upward  deflection  of  the  beam  in  (c)  at  any  point  will  be  the  bending 
moment  divided  by  E-I  at  the  same  point  in  {d)  due  to  a  bending  moment  polygon 
with  a  maximum  moment  Mt  =  ri   X  h  —  u'  X  h;   and  the  downward  deflection  of 


(b) 

Fig.  10. 


the  beam  in  (6)  at  any  point  will  be  the  bending  moment  divided  by  E*/  at  the  same 
point  in  {jS)  due  to  the  bending  moment  polygons  for  a  uniform  load  to  covering  the 
simple  spans  in  (6).  But  the  deflection  of  the  beam  in  (a)  is  zero  at  the  reaction  R\^ 
and  therefore  the  bending  moment  at  the  corresponding  point  in  (d)  is  zero. 

From  the  above  discussion  it  follows  that  to  calculate  the  reactions  of  the  continuous 
beam  in  (a)  by  moment  areas,  take  a  simple  beam  with  a  span  equal  to  l\  +  It  and  load 
it  with  the  bending  moment  polygons  for  beams  (6)  and  (c)  as  in  (d);  the  bending 
moment  in  beam  (d)  at  the  points  corresponding  to  the  reactions  will  be  equal  to  zero,  and 
the  reactions  of  the  beam  (a)  can  be  calculated  by  statics  when  the  value  Af  2  is  obtained. 

Continuous  Beam. — Concentrated  Loads. — In  (a)  Fig.  10,  a  continuous  beam  of  two 
equal  spans  of  length  I  is  loaded  with  two  equal  loads  P  at  the  centers  of  the  spans. 
Calculate  the  bending  moments  and  load  a  simple  beam  with  a  span  equal  to  2Z,  with 
the  positive  bending-moment  diagram  due  to  a  load  of  P,  in  each  span  and  also  the 
negative  bending  moment  diagram  due  to  the  reaction  R2.  Then  to  find  M2,  the  bending 
moment  at  2,  take  moments  of  forces  to  the  left  of  2,  and 

Af,-P/2  +  P-Z»/8  -  Mj-P/6  -  P-P/16  «  0 
and 

M2  =  -  ZP'l/ie  (28) 

To  calculate  Ri  take  moments  in  (a)  about  /22,  and 

Ri'l-  P'II2  +  Mt^O 
and 

Ri  =  5P/16  =  Rz  (29) 

Also 

Rt  =  llP/8  (30) 
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Beam  Uniformly  Loaded. — In  (a)  Fig.  11,  a  continuous  beam  of  three  equal  spans 
of  length  If  is  loaded  with  a  uniform  load  equal  to  w  per  foot.  Calculate  the  bending 
moments  due  to  a  uniform  load  of  w  on  each  span,  and  load  a  simple  beam  of  span  3/ 
with  the  positive  bending-moment  diagrams  due  to  load  w,  and  with  the  negative 
bending-moment  diagrams  due  to  the  reactions  Rt  and  Rt,  The  bending  moment  'Mt 
is  equal  to  Ms.  Now  the  deflection  of  the  beam  is  zero  at  2  and  3,  and  the  bending 
moments  of  the  moment  areas  must,  therefore,  be  zero  at  these  points.  Taking  mo- 
ments of  forces  to  the  left  of  2,  we  have 


'"^Rr-Ziel^f 


8 


R^'M^*f-' 


Fig.  11. 


and 


To  calculate  Ri  take  moments  about  2  in  (a),  and 

Ri'l  -  u?P/2  +  M,  =  0 


and 


Ri  «  4m;-Z/10  =  -R4 

/?2  =  /2,  =  Zw'll2  -  ^W'lllQ  =  llwZ/lO 


Continuous  Beam  of  n  Spans. — To  calculate  the  reactions  for  a  continuous  beam  of  n 
spans,  equal  or  unequal,  loaded  with  any  system  or  systems  of  loads  proceed  as  follows: 

Calculate  the  bending  moment  due  to  the  external  load,  or  loads,  or  system  of 
loads  in  each  span  considered  as  a  simple  beam,  (a)  Fig.  13.  Take  a  simple  beam 
having  a  total  length  equal  to  the  length  of  the  continuous  beam,  and  load  it  with  the 
bending  moment  polygons  found  as  above.  Also  load  the  beam  with  the  bending  mo- 
ment polygons  due  to  the  reactions,  (6),  Fig.  13.  The  reactions  being  unknown,  the 
bending  moments  at  the  reactions  will  be  unknown.  Now  calculate  the  bending 
moment  in  the  simple  beam  at  points  corresponding  to  each  reaction  and  place  the 
result  equal  to  zero. 

For  a  continuous  beam  of  n  spans  there  will  be  n  +  1  equations  which  is  equal  to 
the  number  of  unknown  reactions.  Solving  these  equations,  the  unknown  bending 
moments  will  be  found,  and  the  reactions  may  be  calcidated  algebraically. 
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Parabola  :  Moment  for  Uniform  Load  w  per  unit  length 
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Fig.  12.    Areas  and  Centroids  of  Moment  Diagrams. 
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Theorem  of  Three  Homents. — The  Theorem  of  Three  Momenta  which  was  deduced 
by  alxebr&ic  metiuxiit  in  Applied  Mechanics  may  be  deduced  by  area  moments.  To 
prove  the  Theorem  of  Three  MouentH  cut  the  beam  loaded  with  the  moment  areas, 
<li)  FiK.  I'A,  111  (KiititK  2  and  4.  Calculate  the  deflections  of  points  2  and  4  from  a  tangent 
to  the  elitxtic  curve  at  3.  The  dcHcctiuns  yt  and  i/t  will  be  inversely  proportional  to  the 
spans  It  and  U,  and  yi-lt  —  —  yi-lj.  The  solution  of  these  equations  will  give  the 
Thfrorcm  of  Thrw  MomentH.     The  Theorem  of  Three  Moments  for  a  beam  of  con- 


"'      {0} 
FiQ.  13. 

»t(int  orosH-scctinn  and  rigid  supporta  is  developed  for  concentrated  loads,  and  for  uni- 
form lotuls  in  the  following  diBOUsaiona.  For  a  beam  of  variable  moment  of  inertia  the 
bimm  should  be  loaded  at  each  point  with  the  positive  moment  and  the  negative  moment, 
ciioh  divided  hy  the  E-J  for  that  section  of  the  beam.  If  support  4  settles  a  distance  A, 
then  the  (it'llpctiona  i/i,  j/,,  and  A  have  the  relation  yrh  "  -  {y*  +  A}'i-  Correction 
fur  yioIdinR  of  the  other  supports  may  be  made  in  a  similar  manner. 

For  arons  and  centroids  of  moment  diagrams,  see  Fig.  12, 

Theorem  of  Three  Moments  by  Area  tAomenta.— Concentrated  Loods.— Taking 
moments  of  bonding  moment  polygon  for  1st  span,  about  Ri  in  Fig.  14. 

El-y,  -  jM'Ii  Xi(l  +Jti)ii+1M,-Ii  Xil, +1M,I,  X  ?I,  (30 

for  2d  span  about  Ra- 

B-I-y^  =  JAf'-I,  X  4(2  -  fc,K.  +  iM,-Ii  X  ih  +  iMtU  X  Ih.  (32) 

but  Jlf  -  Pi-JtiCl  -  k,)lx  and  M"  -  P»-fc»(l  -  kt)U.    Substituting  these  values  in 

CM)  and  (IV2) 

E-I'ji  -  iP,fr,(l  -  ii)(l  +  k,W  +  i-V,-iL'  +  i-tfi-i,'  (33) 

El-yt  -  iP,*,(l  -  kt)(.2  -  k,)l,'  +  iM,-l^  +  iM^lt*  (34) 

by  similar  triangles 


fn.m  t;i31,  (34)  and  (35) 


yi/ii=  -y,'U 
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and 


iPi-iE,(l  -  ibi)(l  +  kiW  +  iMi-h  +  kM^-h 

=  -  iPj-A,(l  -  fc.)(2  -  &«)W  -  \Mfh  -  kMfh 

iMih  +  iMtHi  +  It)  +  iMflt  -  -  iPrfcid  -  *,')«!»  -  iP,-A;2(2  -  3A;,  +  fci») 


and 


Mi-li  +  2Mt{li  +  It)  +  Mflt  =  -  Pi(iki  -  ki*)h*  -  ^t{2kt  -  3ifc,»  +  ktW 
If  there  are  several  loads  on  each  span 

Mrh  +  2Mt{li  +  It)  +  Mflt  =  -  2Pi(iki  -  Jki»)Ji*  -  2P.(.2iki-3ifc,*+*;,')Zi' 
which  is  the  Equation  of  Three  Moments  for  concentrated  loads. 


(36) 


(37) 


,....u...y' 


^ 


I, 


-->t<- 


li 


^ 


Tangent  to  BastkCumjtR^ 


^-// 


U-— ^^4>:-?---;i 


If  the  spans  are  loaded  with  uniformly  distributed  loads  of  W\  and  w^  per  unit 
length,  P  may  be  replaced  by  wdx  and  k  by  x\h  Then  integrating  each  of  the  terms 
on  the  right  hand  side  of  the  preceeding  equation,  between  0  and  2,  the  equation  for 
uniform  loads  is  obtained;  or  the  theorem  may  be  calculated  directly  as  follows: — 

Theorem  of  Three  Moments  by  Area  Moments. — Uniform   Loads. — Let    Fig.    15 
represent  any  two  consecutive  spans  of  a  continuous  girder  of  any  number  of  spans. 
Taking  moments  of  bending  moment  polygon  for  1st  span,  about  Ri  in  Fig.  15. 

E'l'Vi  =  ^^wi'h^  X  ih  +  iMrli  X  ih  +  iMj-Zi  X  ih  (38) 

for  2d  span,  about  Rs 

E'l'Vz  =  iVt^2-W  X  ih  +  hMrlt  X  ^h  +  iMt'U  X  !i«  (39) 

but 

Villi  =  -  VzlU  (40) 

from  (38),  (39)  and  (40) 
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and 
aad 


iMi-li  +  ^Mtih  +  It)  +  tM,J»  =  -  fjw,-l,«  -  2*jw,-Z,» 
Mrli  +  2Mt(li  +  h)  +  Mfh  =  -  itci-Z,»  -  ito,-Z,» 


(41) 


which  is  the  Equation  of  Three  Moments  for  uniform  loads. 


If  W\  =  W2  and  h  =  h 


Ml  +  4M2  +  Mz  =?  -iw'P 


(42) 


General  Discussion  of  Area  Moments. — If  a  beam  be  loaded  as  in  (a)  Fig.  16  the 
shear  at  a  point  in  the  beam  at  a  distance  x  from  the  left  support  will  be  equal  to  the 
algebraic  sum  of  the  forces  on  the  left  of  the  section,  and  the  ordinate  at  the  point  in  (6) 

will  be  Fx  =  fix  —  I     W'dx  =  definite  integral  of  the  loads  on  the  left  of  the  section. 

Jo 
The  bending  moment  at  the  point  a  distance  x  from  the  left  support  in  (c)  will  be 


M. 


•/o 


V'dx  =  definite  integral  of  the  shear  area  to  the  left  of  the  section. 


The  slope  at  the  point  a  distance  x  from  the  left  support  in  (d)  will  he  Sg  =  Sa 

Jr^M'dx 
\  -    =  definite  integral  of  the  moment  area  to  the  left  of  the  section  divided 

by  E'l. 

The  deflection  at  the  point  a  distance  x  from  the  left  support  in  (e)  wiU  be 


S'dx  =  definite  integral  of  the  slope  area  to  the  left  of  the  section. 


From  the  preceding  discussion  of  area  moments  it  will  be  seen  that  if  the  load 
area  in  (a)  Fig.  16  be  divided  into  segments,  and  each  segment  be  assumed  as  acting 
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through  the  center  of  gravity  of  the  segment,  and  if  a  force  polygon  for  these  loads  be 
constructed  as  in  (/),  with  a  pole  distance  H  —  unity,  and  an  equilibrium  polygon  be 
drawn  as  in  (c) ;  then  the  equilibrium  polygon  in  (c)  will  be  the  bending  moment  polygon 
for  the  given  loads.  Also,  if  the  moment  area  in  (c)'  be  divided  into  segments  acting 
through  their  centers  of  gravity,  and  if  a  force  polygon  for  these  loads  be  constructed 
as  in  (h)  with  a  pole  distance  H2  =  E-I,  and  an  equilibrium  polygon  be  drawn  as  in  (e); 
then  the  equilibrium  polygon  in  (e)  is  the  elastic  curve  of  the  beam. 


lose/ 


Shear 


Bending 
Moment 


Slope 


Deflection 


I 
1 


-    ^  r<,  '^ 


'\l' 


I 


(h) 


Fig.  16. 


It  can  also  be  seen  that  if  the  shear  area  in  (6)  be  divided  into  segments  acting 
through  the  centers  of  gravity  of  the  segments,  and  if  a  force  polygon  for  these  loads 
be  drawn  as  in  {q)  with  a  pole  distance  U\  =  J?*/,  and  an  equilibrium  polygon  be  drawn 
as  in  (d) ;  then  the  equilibrium  polygon  in  ((f)  is  the  slope  curve  of  the  beam. 

Since  a  combination  of  a  force  polygon  with  its  equilibrium  polygon  is  equivalent 
to  two  integrations  the  relations  between  load,  shear,  moment,  slope,  and  deflection 
as  above  stated  are  proved  to  be  true.  As  an  example  the  relations  between  load, 
shear,  moment,  slope  and  deflection  will  be  calculated  for  a  simple  beam  with  a  span  Z, 
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loaded  with  a  unifonn  load  w  per  linear  unit.     The  equation  of  the  elastic  curve  for  a 
simple  beam  with  a  uniform  load  is 

*w 
y  =  ^^^  (-  a:*  +  2Z-x»  -  P-x)  (43) 

Differentiating  equation  (43)  with  respect  to  x, 

dy  w 


dx      24E'I 


(- 4x»  +  6i-x« -P)  (44) 


which  is  the  equation  for  slope  at  any  point  in  the  beam. 

Differentiating  equation  (44)  with  respect  to  x,  and  multiplying  by  E*/, 

—  =  ^wl'X  —  ^W'X*  (45) 

which  is  the  equation  for  bending  moment  at  any  point  in  the  beam. 
Differentiating  equation  (45)  with  respect  to  x, 

—  =  iwl  —  wx  (46) 

which  is  the  equation  for  shear  at  any  point  in  the  beam. 
Differentiating  equation  (46)  with  respect  to  x, 

^=-.  (47) 

which  is  the  equation  for  load  at  any  point  in  the  beam. 

By  successive  integration  of  equation  (47),  the  constants  of  integration  being 
determined  by  the  conditions  that  the  shear  and  the  slope  are  zero  at  the  middle  of  the 
span,  and  the  bending  moment  is  zero  at  the  supports,  also  introducing  ^-Z  in  the  third 
integration,  it  will  be  seen  that  for  a  simple  beam  with  a  uniform  load  the  relations 
between  load,  shear,  bending  moment,  slope  and  deflection  as  shown  in  Fig.  16  are  true. 

It  is  usual  to  write  the  differential  equation  of  the  elastic  curve  of  a  beam  in  the 
form 

s  - 1, 

A  more  general  form  of  the  differential  equation  of  the  elastic  curve  for  a  beam 
with  a  uniform  load  is 

d*y       —  w 

The  differential  equation  in  equation  (48)  saves  two  integrations  in  the  solution, 
and  the  bending  moment,  M ,  is  easy  to  determine,  and  is  to  be  preferred. 

Stresses  in  Stiff  Frames. — For  the  calculation  of  the  stresses  in  quadrangular 
frames  with  rigid  joints,  see  Chapter  XVII. 

Method  of  Elastic  Weights. — A  method  known  as  the  method  of  elastic  weights  is 
used  in  Chapter  XV  for  calculating  the  deflections  of  framed  structures.     The  method 
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of  elastic  weights  as  applied  to  beams  is  the  same  as  the  method  of  area  moments,  as 
will  now  be  shown. 

In  Fig.  17,  a  simple  beam  A-B  is  loaded  with  vertical  loads  in  any  manner.  The 
deformation  of  an  extreme  fiber  for  a  length  dx  is  Ac.  Now  by  definition  Ac /c  =  A<^  =iy, 
the  elastic  weight,  where  c  =  distance  from  the  neutral  axis  to  the  extreme  fiber  = 
distance  from  center  of  moments  used  in  calculating  the  stress  in  the  extreme  fiber. 


P=//A 


^ 


I 


>o 


t  A=/ 


(c) 


Fig.  17. 


-Now  load  the  beam  at  point  .2  with  the  elastic  weight  w  =  A^,  construct  a  force  polygon 
with  a  pole  distance  H  =  unity,  as  in  (c),  and  draw  a  moment  polygon  as  in  (6),  Fig.  17. 
Now  it  will  be  seen  that  if  w  is  taken  equal  to  unity  the  moment  polygon  in  (6)  will  be 
an  influence  diagram  for  the  point  2.     From  (6)  5x  :  a- A^  :  :  (2  —  x)  :  2,  and 


bx  — 


a'A<t){l  —  x) 
I 


(50) 


where  dx  =  deflection  at  1  for  a  load  A0  at  2.     Now  if  the  load  at  2  be  taken  equal 
to  w,  then  the  bending  moment  at  1  will  be 


M  = 


wa(l  —  x) 

i 


(51) 


from  which  it  may  be  seen  that  deflections  are  given  by  the  moment  diagram  (6). 
Also  from  the  common  theory  of  elasticity  of  beams 


and 
Now 
and 
But 


Ac  =  S'dx/E, 
A0  =  Ac/c  =  S'dx/E'C 

Sic  =  Jlf //, 

A</»  =  w;  =  M'dx/E'I 

M'dx/E'I  a=  area  moment. 


which  proves  that  the  method  of  elastic  weights  is  the  same  as  the  method  of  area 

mnmfints. 
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In  Fig.  18  the  elastic  curve  in  {d)  is  calculated  by  the  method  of  elastic  weights. 
Load  the  beam  A'B'  with  the  bending  moment  polygon  due  to  the  load  P,  Divide 
the  moment  area  into  segments,  and  assume  that  each  segment  acts  through  its  center 


u,  -Area  ss'ff 


n 


nN 


B?. 


g-' 


Fig.  18. 


of  gravity.  Each  elastic  weight  is  equal  to  the  moment  area  divided  by  the  value  of 
E- 1  for  the  section  of  the  beam  covered  by  the  segment.  The  elastic  weight  wt  >  area 
s-8'-t-4'IE-I.    With  the  force  polygon  with  a  load  line  Wi  to  Wt  inclusive,  and  a  pole 


.>k-  -  -  -  -'/€.  . .  J<.  lA  ^'  ' 

pj H 4    .    .    _   + .>^ 
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(b)  Moment  Diagnams  \ 
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(of)  Deflection  Pofygon 


Fig.  19. 


distance  U  =  unity,  draw  equilibrium  polygon  (d).  Polygon  (d)  will  be  the  elastic 
curve  of  the  beam.  It  will  be  seen  that  the  method  of  elastic  weights  is  the  same 
as  the  method  of  area  moments. 
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Beams  with  Variable  Moment  of  Inertia* — For  a  beam  with  a  variable  moment  of 
inertia  the  beam  may  be  loaded  with  the  moment  at  each  point  divided  hy  E'l,  or  if 
/2//1  »  m,  the  ratio  of  the  moment  of  inertia  at  each  point  to  the  moment  of  inertia 
of  the  end  section,  the  beam  may  be  loaded  at  each  point  with  Mlntj  and  the  deflection 
diagram  can  be  drawn  with  a  force  polygon  having  a  pole  distance  H  =  E'li. 


^     1/4  Z  l/i         X   1/4  ' 

I  '         ^'^      7^!    T       ' 


2\     (b)  Moment  Diagram 


I 


(d)  Deflection  Polygon 
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If  the  beam  is  loaded  with  the  bending  moment  polygon  as  in  (6)  Fig.  20,  the  force 
polygon  may  be  drawn  with  a  pole  distance  equal  to  the  E'l  for  each  section  of  the 
beam,  and  the  resulting  polygon  wiU  be  the  true  deflection  polygon  as  shown  in  (d). 

Problem  1. — In  (a)  Fig.  19,  if  the  moment  of  inertia  of  the  middle  half  of  the 
beam  is  It,  and  the  moment  of  inertia  of  the  end  quarters  is  7i,  prove  by  algebraic 
calculation  that  the  deflection  at  the  center  of  the  beam  is 


(52) 


Problem  2. — A  beam  32  feet  long  carries  a  load  of  2,000  lb.  per  lineal  foot.  Cal- 
culate the  deflection  at  the  center  of  the  beam,  which  consists  of  a  24"  @  80  lb.  /  beam, 
with  a  10  in.  by  \  in.  plate  16  ft.  long  riveted  on  top  of  top  flange  and  below  bottom 
flange.  Calculate  the  deflection  of  the  beam  at  the  center  with  the  plates  extending 
the  full  length  of  the  beam. 

CURVED  INFLUENCE  LINES.— The  discussion  of  influence  diagrams  in  Chap- 
ter VII  was  confined  to  statically  determinate  structures,  in  which  the  influence  dia- 
grams for  reaction,  shear,  moment,  and  stress  had  straight  lines.  In  statically  inde- 
terminate structures,  in  which  the  deformations  of  the  structures  must  be  considered 
m  addition  to  the  usual  statical  conditions  in  calculating  stresses,  the  influence  diagrams 
in  general  have  curved  lines.    Influence  lines  for  continuous  beams  will  be  discussed 
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in  this  chapter,  while  influence  lines  for  statically  indeterminate  framed  structures 
will  be  discussed  in  Chapter  XV. 

Continuous  Girder  of  Two  Spans. — In  Fig.  21  a  continuous  girder  with  a  constant 
moment  of  inertia,  and  with  spans  h  and  ^2  is  loaded  with  loads  Pi  and  Pt  as  in  (a). 
In  (6),  load  a  simple  beam  having  a  span  h  +  h  with  the  bending  moment  polygon  due 
to  a  load  unity  acting  in  line  with  the  reaction  Rt.  Divide  the  bending  moment  polygon 
into  segments,  construct  a  force  polygon  (not  shown)  and  draw  an  equilibrium  polygon  as 
in  (c),  assuming  that  the  segments  are  loads  acting  through  their  centers  of  gravity. 


^^3 


Fig.  21. 


The  pole  distance  H  may  be  taken  as  any  convenient  length,  and  the  pole  0  may 
be  taken  at  any  point,  in  (c)  the  pole  0  was  taken  so  as  to  make  the  closing  line  1-2-3 
horizontal.     Now  in  (c)  the  reaction  may  be  calculated  as  follows: 

Pi-6  -  P2'd 


i2i  = 


R2  = 


22,= 


a 


Pi'tn  +  Pi-n 


-  Pre  +  Pa'/ 


(53) 


(54) 


(55) 


Proof. — The  formula  for  Rt  will  be  proved,  and  the  equations  for  Ri  and  Rt  will 
follow  by  statics. 

In  (c)  the  curved  line  1-4-3  has  ordinates  proportional  to  the  ordinates  to  the 
elastic  curve  of  the  beam  when  it  is  loaded  with  a  load  at  2.  For  simplicity  it  will  be 
assumed  that  the  ordinates  are  all  measured  with  a  scale  such  that  the  true  deflections 
for  a  load  unity  are  given  by  the  diagram.  Then  if  a  unit  load  at  2  will  give  a  deflec- 
tion m  at  Pi,  by  Maxwell's  Theorem  (see  Fig.  5,  Chapter  VII)  a  unit  load  acting 
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in  line  with  Pi  will  produce  a  deflection  m  at  2,  and  a  load  P,  will  produce  a  deflec- 
tion Pi-  m  at  2.  In  like  manner  if  a  unit  load  at  2  produces  a  deflection  n  at  Pj,  then 
a  unit  load  acting  in  line  with  Pi  will  produce  a  deflection  n  at  2,  and  a  load  Pi  will 
produce  a  deflection  P.-n  at  2. 

If  a  unit  load  at  2  produces  a  deflection  c,  a  load  Rt  wiU  produce  a  deflection  Ryc. 
Now  the  final  deflection  at  point  2  is  zero,  and  we  have  the  deflection  at  point  2 
due  to  the  loads  Pi  and  Pt  equal  to  the  deflection  of  Ri  at  point  2,  and 

RfC  =  P|-m  +  Pj-n 
and 

Pi-m  +  Pyn 
R, ^-^-  (54) 

which  proves  the  theorem. 

To  calculate  Ri  take  moments  about  (3)  in  (c),  and 

Riih  +  It)  +  Ri-h  -  Pi-ri  -  Pi-xi  =  0 
and  from  reaction  influence  diagrams 

Ri-a  +  RfC  -  P,(m  +  b)  -  P,(n  -  d)  =  0 
Substituting  the  values  of  Ri  from  (54),  there  results 
Rya  =  P,b  -  P,d 

„       Pi-b  -  P,d 

Bi  =  —^ (83) 

Also,  since  B,  +  fii  +  B,  =  Pi  +  P., 


X *t 


;mmmmY' 


(cc) 


ts 


b^ 


i.  ^ 


The  influence  diagrams  for  the  reactions  Ai,  Rj  and  R,  in  a  continuous  beam  of  two 
spans  are  given  in  Fig.  24o  and  Fig.  246.  In  Fig.  24a  the  influence  diagrams  for  the 
reactions  in  Fig.  21,  have  been  drawn  separately.     In  Fig.  246  the  influence  diagrams 
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for  .the  reactions  are  shown  as  calculated  separately  by  applying  a  unit  load  in  line 
with  each  reaction.  It  will  be  noted  that  the  curves  in  (d)  and  (e)  may  be  obtained 
from  the  curve  in  (6)  by  taking  proportional  ordinates.  The  influence  diagrams  in 
Fig.  24a  and  Fig.  24&  are  identical.  The  influence  diagrams  are  more  com^ionly 
drawn  as  in  Fig.  24&. 

Uniform  Load, — For  a  uniform  load  on  abeam  the  areas  of  the  diagram  under  the  load 
are  to  be  used  in  the  place  of  the  ordinates,  as  in  the  case  of  influence  diagrams  with 
straight  lines.    For  example,  in  Fig.  22,  the  reactions  are  given  by  the  following  formulas. 

^       p(area\Bi  —  area  Bi) 

Ri  = (56) 


a 


Rt^ 


B,  = 


p(area  A  +  area  Bj  +  area  Ci) 

c 
p(area  d  —  area  d) 

g 


(57) 
(58) 


y 

If  the  spans  are  equal,  Zi  «  Zs  «  2,  the  area  between  the  axis  and  the  elastic  curve, 
area  A  +  area  B  +  area  C  =  5c'i/4,  and  for  a  full  load,  Rt  =  bylj^,  a  familiar  value. 


Fig.  23. 

Algebraic  Solution. — The  equations  of  the  curved  influence  lines  for  a  continuous 
beam  of  two  spans  are  given  in  equations  (1)  and  (2),  Chapter  VII. 

Problem, — For  the  calculation  by  influence  diagrams  of  the  stresses  in  a  continuous 
girder  of  two  spans  and  with  a  variable  moment  of  inertia,  see  Problem  2,  Chapter  XXII. 

Continuous  Girder  of  Three  Spans. — To  calculate  the  reaction  R%  in  Fig.  23  pro- 
ceed as  follows: — With  a  load  represented  by  the  triangle  1-2-t4,  construct  a  force 
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polygon  (not  shown)  and  draw  an  equilibrium  polygon  m-n-o-p.    Now,  with  a  load 
represented  by  the  triangle  1-3-4  construct  a  force  polygon  (not  shown),  and  draw  an 
equilibrium  polygon  through  m-o-p.     (The  method  of  drawing  an  equilibrium  polygon 
through  three  points  is  given  in  Chapter  I.) 
Then  in  (c)  Fig.  23, 

Rt'd  =  Pi-a  +  Pt'b  -  Pt'C 


Rt^ 


Pi-a  +  Pt'b  -  Pi'C 
d 


(59) 


Ri  may  be  found  in  a  similar  manner  by  drawing  an  equUibrium  polygon  through  point  n. 
When  the  values  of  R2  and  Rz  have  been  obtained,  the  reactions  Ri  and  Ri  can 
easily  be  calculated  by  algebraic  moments. 


(cf)  Influence  DlBgnsm  forR/ 


(c) Influence  Diagram  for  R^^ 


(e)  Influence  Ola^m  for  R^ 

Fig.  24a. 

ProoJ, — With  the  load  1-2-4  and  the  full  line  deflection  curve,  as  in  the  case  of  a 
girder  of  two  spans 

R^(d  +  A)  =  -  Rvk  +  Pi(a  +  e)  +  P,(6  +/)  +  Pvg  (60) 

and  with  the  load  1-3-4  and  the  dotted  line  deflection  curve  in  like  manner 

Rvk=  -  Rrh  +  Pi-e  +  P,-/  +  P,(c  +  q)  (61) 

Subtracting  (61)  from  (60)  there  results 

Rt'd  =  Pi-a  +  P2-6  -  Pvc 
Pi-a  +  P2-6  -  Pa-c 


fi,      = 


(59) 


Problem. — For  the  calculation  by  influence  diagrams  of  the  stresses  in  a  continuous 
girder  of  three  spans  and  with  a  variable  moment  of  inertia,  see  Problem  3,  Chapter 
XXII. 
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Influence  Diagnim  foi  a  Continuous  Girder  of  Two  Spans. — In  Fig.  24a  and  Fig. 
24b  an  influence  diagram  for  reaction  fit  is  given  in  (b).    If  the  deflection  at  Rt  is  made 
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(i^)  Influence  Viagnam  Y"''^!/ 


(e)  Influence  Diagram  for  Rj 


(b)  Influence  Diagram  fopFz 


equal  to  unity  so  that  c  "  1,  then  fit  =  Pi-m  +  Pj-n.  In  (d)  if  ordinate  a  is  made 
equal  to  unity,  then  fi,  -  Pi-6  -  Pi-d.  And  in  (e)  if  ff  is  made  equal  to  unity, 
then  S,  =  -  Pi-e  +  P,/. 


A-^->i./L  ...if'..A--p' 


f(e)kom'nf  Influence  Diagram 


r^t' 


(c)  Influence  Diagram  I 


s-r^ys 
"ff)  Shear  Influence  Diagram 
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An  influence  diagram  for  moment  at  point  4  in  the  firet  span  is  shown  in  (e)  Fig.  25. 
The  deflection  under  the  reaction  Ri  is  taken  equal  to  unity.  The  moment  at  point  4 
for  a  load  to  the  right  of  the  point  will  be  equal  to  the  left  reaction  multiplied  by  ai. 
For  points  to  the  left  of  point  4  the  moment  will  equal  the  moment  of  the  reaction 
minus  the  moment  of  the  load;  moment  ordinates  will  be  measured  from  the  curved  line 
to  the  straight  line  1-4'.  The  diagram  l-r-4'  is  the  influence  diagram  for  left  reaction 
for  a  load  on  a  simple  beam  with  a  span  ai,  with  supports  at  1  and  4.  From  which  it 
follows  that  the  shaded  area  is  the  true  influence  diagram.  The  equation  for  moment 
at  the  point  4  for  a  load  P  at  a:  is  M  =  P-ai-y,^. 

An  influence  diagram  for  shear  at  any  point  4  in  the  first  span  is  shown  in  (/)  Fig.  25. 
For  points  on  the  right  of  the  point  4,  the  shear  at  4  will  be  equal  to  the  left  reaction. 
For  points  to  the  left  the  shear  at  the  point  is  equal  to  the  left  reaction  minus  the  load 
to  the  left  of  the  point.     The  shear  at  4  for  a,  load  P  at  any  point  ^  is  5  =  Py,. 


(f /Moment  influence  Disgram  \  ^^ ' 


(d)  Reaction  Influence 
forRz 


Beam  Fixed  at  One  End.  Supported  aX  Other  End. — In  (a)  Fig.  26,  the  beam  has 
a  constant  moment  of  inertia,  is  flxed  at  A  and  is  supported  at  B.  The  influence 
diagram  for  the  right  reaction  is  constructed  as  follows:  Remove  the  right  support,  B, 
and  load  the  cantilever  beam  with  a  load  unity  acting  in  the  line  of  fli.  Load  the  canti- 
lever beam  with  a  bending  moment  polygon  due  to  the  load  unity.  Divide  the  moment 
diagram  into  a  convenient  number  of  segments,  construct  a  force  pplygon  as  in  (c), 
with  the  area  of  the  segments  divided  by  E-I  (since  both  E  and  /  cancel  out  in  the 
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calculation,  they  may  each  be  taken  equal  to  unity),  and  with  a  convenient  pole  distance 
construct  an  equilibrium  polygon  as  in  (d),  assuming  that  the  area  of  each  segment,  or 
elastic  weight,  acts  through  the  center  of  gravity  of  the  segment.  Now  equilibrium 
polygon  (d)  has  ordinates  proportional  to  the  elastic  curve  of  a  beam  fixed  at  A  and 
loaded  with  a  load  unity  at  B,  and  is  the  reaction  influence  diagram  for  Rt.  For  a  unit 
load  at  B  will  produce  a  deflection  A;-  a  at  B,  and  a  deflection  JcysXh;  and  by  Maxwell's 
Theorem  a  unit  load  at  h  will  produce  a  deflection  k-y  at  B.  A  unit  load  at  h  will  then 
produce  a  reaction  at  B  equal  to  k^yjk'a  =  y/a,  and  a  load  P  at  A  will  produce  a  reaction 
Rt  =  P'y/a&t  B. 

The  moment  influence  diagram  is  constructed  by  dividing  each  ordinate  in  the 
reaction  locus  {d)  by  the  ordinate  a,  so  that  the  line  h-c  will  be  equal  to  unity  as  in  (e). 
To  construct  the  moment  influence  diagram  for  the  point  d,  draw  line  d-c,  and  the 
figure  a-c-d  is  the  required  influence  diagram.  For  if  you  take  a  unit  load  at  the 
point  A,  then  y*  n^ll  be  the  right  reaction.  Now  the  moment  at  d  will  be  equal  to  the 
moment  of  the  right  reaction  minus  the  moment  of  the  load  unity,  is 

m  =  y^*z  -  1.(0  _  x)  (62) 

But  from  similar  triangles  in  {e)  we  have  the  proportion 

\         1  :  (y'  -  ym)  :  :  2  :  («  -  x) 
and  \ 

y'-z  =  Vm'Z  +  z  -  X  (63) 

Substituting  the  value  of  y*  as  given  in  (63)  in  (62),  there  results 

m  =  y«-«  (64) 

and  the  moment  for  a  load  P  at  A  will  be 

M  =  Py^'Z  (65) 

For  points  near  the  left  reaction  as  for  point  n  the  closing  line  n-«  drops  below  the 
curved  influence  diagram,  and  the  resulting  moment  is  negative. 

The  shear  influence  diagram  for  the  point  d  is  constructed  as  in  (e).  The  shear 
at  d  for  a  load  unity  at  h  will  be  equal  to  unity  minus  the  right  reaction  due  to  a  load 
unity,  equals  y«.  The  shear  changes  sign  under  the  load.  For  a  load  P  at  point  A, 
the  shear  at  d  for  a  load  P  will  be 

S  =  P-2^.  (66) 

Influence  Diagrams  For  Fixed  Arch.  For  the  construction  of  influence  diagrams 
for  an  arch  with  fixed  ends,  see  the  author's  "  The  Design  of  Highway  Bridges  of 
Steel,  Timber  and  Concrete,"  Chapter  XXIII. 

TRANSVERSE  BENT.— The  problem  of  the  calculation  of  the  point  of  contra- 
flexure  in  the  columns  of  a  transverse  bent  will  now  be  solved  by  the  use  of  moment 
areas.  The  nomenclature  in  Fig.  27  is  the  same  as  in  Chapter  X.  It  is  assumed  that 
the  deflections  at  points  h  and  c  are  equal. 

In  (6)  Fig.  27,  the  deflection  at  h  from  the  tangent  at  a  is  found  by  taking  moments 
of  the  moment  areas  below  6  to  be 

Mod     2d      Mrd     d 
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A  = 


2Mo-(P  -  Ml  eP 
6^/ 


(67) 


The  deflection  at  c  from  the  tangent  at  a  is  found  by  taking  moments  of  moment 
areas  below  c  to  be 


EI' A'  =  -::-  (h  -  d/3) -^ -  —^  (h  -  2/3d) 


A'  = 


2     ^         "'^'6  2 

6^7 


(68) 


But  A  is  equal  to  A'  by  hypothesis,  and  equating  (67)  and  (68)  we  have 

2Mo-eP  -  Mr(P  =  Mo{M'h  -  eP)  -  ilf,(2A«  -  h-d) 
transposing 

ilfo(3A-d  -  3(P)  =  ilfi(2A«  -  A-d  -  eP) 

C 


(69) 


Fig.  27. 
Now  in  (c)  Fig.  27,  it  will  be  seen  that 

Afo  :  Ml  :  :  yo :  rf  —  yoy 


and 


(70) 


(71) 


Mo(d  -  yo)  =  Mi-yo 

Solving  (69)  and  (70)  for  yo,  we  have 

_d  (2^  +  cO 

^'  "  2  (A  +  2d) 

which  is  the  same  value  as  was  found  by  algebraic  methods  in  Chapter  X. 

For  additional  problems,  see  Chapter  XXll. 

For  the  calculation  of  the  stresses  in  framed  bents  with  rigid  joints,  see  Chapter 
XVII. 

References. — The  method  of  area  moments  was  first  developed  about  1870  by 
Mohr  in  Germany  and  by  Green  in  America.  The  method  has  been  developed  and 
extended  by  Mohr,  "Technischen  Mechanik;"  Morley,  "Strength  of  Materials;" 
Bjorstad,  "Die  Berechnung  von  Steifrahmen,"  and  others.  The  writers  above  have* 
used  the  "tangent"  or  second  area  moment  theorem.  The  "beam  "or  first  area 
moment  theorem  was  proposed  by  the  author  in  an  article  published  in  the  University 
of  Colorado  Journal  of  Engineering,  No.  1, 1905. 
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CHAPTER  XV. 
Deflection  of  Framed  Structures. 

Introduction. — If  a  structure  is  acted  upon  by  external  forces  which  produce 
stresses  in  the  members,  the  structure  will  deflect  under  the  loads.  The  compression 
members  will  be  shortened  and  the  tension  members  will  be  lengthened,  and  the  total 
deformation  of  any  joint  in  the  structure  will  be  the  sum  of  the  deformations  of  the 
particular  joint  due  to  the  deformation  of  each  member.  In  addition  to  changes  in 
length  due  to  stress,  th^re  are  changes  in  length  due  to  changes  in  temperature,  to  the 
play  in  pin  joints  or  in  the  bolted  joints  of  a  bridge  when  the  falsework  is  removed, 
or  due  to  errors  in  workmanship,  or  due  to  the  substitution  of  manufactured  lengths 
for  the  theoretical  lengths.  Deflections  due  to  stress  and  to  temperature,  only,  will  be 
considered  in  this  chapter,  while  both  the  elastic  and  the  inelastic  distortions  of  struc- 
tures will  be  considered  in  calculating  the  camber  of  a  bridge.  An  exact  knowledge  of 
the  deflections  of  structures  is  important  in  design  and  erection  of  all  structures,  and 
is  necessary  for  the  calculations  of  the  stresses  in  statically  indeterminate  structures. 
In  this  chapter  it  is  assumed  that  the  structure  is  perfectly  elastic,  and  that  the  de- 
formations of  the  members  are  small  as  compared  with  the  lengths  of  the  members 
themselves,  so  that  the  change  in  the  stresses  due  to  the  change  in  form  of  the  truss 
may  be  neglected.  It  is  also  assumed,  as  is  usual  in  mechanics,  that  the  deflection 
of  any  joint  in  the  structure  is  the  sum  of  the  deflections  at  the  joint  due  to  the  indi- 
vidual members,  acting  consecutively  in  any  order. 

The  deflection  of  a  framed  structure  may  be  calculated  algebraically  or  graphically, 
or  by  a  combination  of  algebraic  and  graphic  methods.  The  algebraic  methods  are 
(1)  the  Method  of  Algebraic  Summation,  (2)  the  Method  of  Work,  commonly  called 
the  "  Method  of  Least  Work,"  and  (3)  the  Method  of  Elastic  Weights.  The  graphic 
methods  are  (4)  the  Williot  Diagram  in  combination  With  the  Mohr  Rotation  Diagram, 
and  (5)  the  Method  of  Elastic  Weights  solved  by  graphics.  The  Williot-Mohr  graphical 
method  (4)  has  the  advantage  that  the  changes  in  positions  of  all  joints  of  the  structure 
are  shown  in  a  single  diagram,  while  the  Method  of  Algebraic  Summation  (1),  and  the 
Method  of  Work  (2),  give  the  deformation  of  a  single  joint  in  one  direction  only.  The 
Method  of  Elastic  Weights  gives  the  deflections  of  all  joints  of  a  structure  in  one  direc- 
tion, so  that  the  changes  in  position  of  all  joints  of  a  structure  can  be  determined  by 
the  calculation  of  the  vertical  and  horizontal  displacements,  or  by  two  calculations  by 
the  Method  of  Elastic  Weights.  The  Williot-Mohr  method  is  therefore  the  most 
satisfactory  method  to  employ  for  spans  of  medium  length  where  the  deflections  of  all 
joints  are  desired;  while  the  Method  of  Elastic  Weights  is  the  most  satisfactory  method 
for  long  spans  or  complicated  structures  where  great  precision  is  desired. 

METHOD  OF  ALGEBRAIC  SUMMATION.— The  method  will  be  illustrated  by 
calculating  the  deformation  of  the  right  end  of  the  truss  in  Fig.  1. 
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In  Fig.  1  the  truss  is  fixed  at  Lo,  and  is  free  to  move  at  Lq,  and  is  loaded  with  a 
load  W.  Under  the  action  of  the  load,  Lo  will  move  a  distance  A.  Now  assume  thftt 
all  the  members  are  rigid  with  the  exception  of  l-y,  which  is  increased  in  length  the 
distance  5,  under  the  action  of  the  external  load  W.  The  movement  of  the  joint  W 
will  be  A',  and  will  be  due  to  the  change  in  length  d,  of  the  member  l-^.    Let  H  be 


Fio.  1. 

the  horizontal  reaction  necessary  to  bring  W  back  to  its  original  position,  and  let  U'H 
be  the  stress  in  the  member  1-y  due  to  the  horizontal  thrust  H.  Now  the  internal 
work  ^d'H-U  in  shortening  the  member  l~y  to  its  original  length  will  be  equal  to  the 
external  work  i^T-A',  required  to  bring  the  hinge  Lo  back  to  its  original  position,  and 

^H'A'  =i8'H'U 
and 

A'  =  5- 17  (1) 

but  8  =  SfL/A'E,  where  Si  is  the  stress  in  the  member  l-y  due  to  the  load  W;  L  is 
the  length  of  the  member  l-y  in  the  same  units  as  A' ;  A  is  the  area  of  the  member  in 
square  inches;  and  E  is  the  modulus  of  elasticity  of  the  material  of  the  member  in  lb. 
per  sq.  in.     Substituting  this  value  of  5  in  (1)  we  have 

A'  =^  Si'U'LIA'E  (2) 

where  U  is  the  stress  in  the  member  due  to  a  load  unity  at  W  acting  in  the  line  in  which 
A'  is  measured. 

Now  if  each  one  of  the  remaining  members  of  the  truss  is  assumed  as  distorted  in 
turn,  the  other  members,  meanwhile  remaining  rigid,  the  deformation  at  W  will  be 
represented  by  the  general  equation  (2),  and  the  total  deformation.  A,  at  W  will  be 

S'U'L 

Problems. — For  detail  calculations  of  the  deflections  of  framed  structures  by  the 
Method  of  Algebraic  Summation,  see  Chapters  XVI,  XX,  XXI,  and  XXII. 

METHOD  OF  WORK. — The  deformation  of  a  member  under  a  stress  S  is  equal 
to  S'L/A'Ef  where  L  is  the  length  of  the  member,  A  is  the  area  of  the  member,  and  B 


METHOD  OF  WORK. 


245 


is  the  modulus  of  elasticity.  The  work  of  deformation  of  the  member  will  be  the 
deformation  multiplied  by  one-half  the  stress,  S,  or  ]£  W  ^  the  work  in  any  member 
we  have 


Differentiating  the  work  with  reference  to  a  load  8,  applied  in  the  line  of  the  member, 

dS  "  A'E" 


(4) 


This  shows  that  for  direct  stress  in  a  straight  member  the  derivative  of  the  work 
due  to  any  load  with  reference  to  the  load  will  be  the  deformation  in  line  with  the 
load. 

This  is  Castigliano's  first  theorem  for  work  which  will  be  proved  for  structures. 


/7l 


1.       [^ 


Fig.  2. 

THEORT  OF  WORK.— In  Fig.  2  a  beam  or  truss  is  loaded  with  two  loads,  Pi 
and  Ptt  which  produce  deflections  yi  and  j/s.  The  external  work,  W,  done  by  the  two 
loads,  if  both  Pi  and  Ps  are  increased  gradually  from  zero  to  full  load,  will  be  equal 
to  the  internal  work,  and  will  be 

Tr  =  iPi.yi+iP,.y,  (5) 

Now  let  Pi  be  increased  by  a  differential  load  dPi,  producing  a  further  deflection  of  dyi 
under  Pi,  and  dyt  under  Ps.    The  external  work  vnH  then  be 


W  +  dW  --  iPi-yi  +  Pi'dyi  +  ^dPi-dyi  +  iP,-y,  +  Pj-dyj 


(6) 


since  Pi  and  Ps  act  through  the  entire  distances  dyi  and  dy^,  respectively.    Subtracting 
(5)  from  (6),  and  dropping  the  product  of  differentials 

dW  =  Pi'dyi  +  Pi'dyt  (7) 

Now  if  Pi  +  dPi  and  Ps  are  increased  gradually  from  zero  to  full  values, 

W  +  dW  --  i(P,  +  dPi)(yi  +  dyi)  +  iPs(y,  +  dy,) 

=  iPi-yi  +  iPi'dyi  +  idPi-yi  +  idPrdyi  +  iP,-ys  +  iPtdyt       (8) 
Subtracting  (5)  from  (8),  and  dropping  products  of  differentials, 

dW  =  iPi'dyi  +  idPi-yi  +  iPi-dyi  (9) 
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Now  multiply  (9)  by  2,  and  subtract  from  (7),  and 

dW  =  dPi-yi, 
and 

dW 

dP.  =  y^  (10) 

which  is  Castigliano's  first  theorem. 

Castigliano's  first  theorem  then  is,  "The  derivative  of  the  total  internal  work,  W, 
mth  respect  to  any  on>e  had,  or  external  force.  Pi,  is  equal  to  the  displacement,  y\,  in  the 
direction  of  this  load,  Pi." 

Castigliano's  second  theorem  is  "The  derivative  of  the  work,  W,  due  to  any  load,  Pi, 
vrith  respect  to  the  displacemeni,  yi,  in  the  direction  of  Pi,  is  equal  to  the  load.  Pi." 

This  can  be  proved  from  equation  (7)  by  making  Ps  equal  zero,  then 

dW 

The  second  theorem  of  Castigliano  is  of  little  use,  the  first  theorem  being  the 
more  important  one. 

Application  to  a  Framed  Stracture. — Now  let  Si,  8%,  Sz,  etc.;  Ai,  At,  As,  etc., 
and  Li,  L^,  L%,  etc.,  be  the  stresses,  sectional  areas,  and  the  lengths  of  the  members  of  a 
framed  structure  ,  Fig.  1,  Chapter  XVI,  when  carrying  a  load;    and  let 

Ltl  Ij2  1^% 

=  Bi]  ". — ==  B2]  - — ■=,  -  Bz,  etc. 


Ai'E         ''         ArE        ^'         AyE 
Then  the  work  of  deformation  omitting  member  Li,  will  be 

W  =  W'B,  +  W'Bz  +  etc.  (12) 

Differentiating  (12)  with  reference  to  ^1,  and 

dW 


''\dSi)'^^''^'\dsJ 


^^  =  B^'St  1  —  I  +  Bz'Si  I  —  I  +  etc. 


/  dS\ 


where  yi  =  deformation  of  the  structure  in  line  with  member  Li(3-c). 

Now  dS/dSi  =  U  =  the  ratio  of  the  change  in  iS^  as  5i  changes,  and  equation 
(13)  is  identical  with  equation  (3). 

Work  in  Beam8.^The  work  or  resilence  in  a  beam  is  given  in  Applied  Mechanics  as 


where  the  integration  is  over  the  entire  length  of  the  beam.  To  calculate  the  deforma- 
tion at  any  point  in  the  beam  differentiate  the  work  in  (14a)  with  reference  to  a  load 
acting  at  the  given  point  in  the  beam  and  in  the  direction  in  which  the  deflection  is 
to  be  measured,  and 

*For  the  derivation  of  formula  (14a),  see  page  264  . 
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But  dM/dP  «  m,  the  moment  due  to  a  load  unity  acting  in  place  of  P,  and  we 
have  the  familiar  formula  for  deflection  at  any  point  in  a  beam 


"£ 


M-m-ds  ,^  ^  ^ 


Least  Work. — If  the  horizontal  tie  of  the  two-hinged  arch  in  Fig.  I,  Chapter  XVI, 
is  cut  just  to  the  right  of  the  left  hinge,  and  the  parts  of  the  cut  tie  be  held  in  place  by 
applying  two  stresses  equal  to  S\  acting  away  from  the  cut  section,  and  the  deflection 
of  the  structure  be  calculated  by  equation  (13),  the  condition  that  the  cut  ends  shall 
remain  in  contact,  or  that  the  deformation  of  the  cut  ends  shall  be  zero,  is  that  the 
derivative  of  the  total  work  of  deformation  of  the  structure,  including  the  redundant 
member,  with  reference  to  the  stress,  iSi,  in  the  redundant  member  shall  be  zero,  or  that 

dW  ,    , 

Equation  (15)  is  equivalent  to  the  assumption  that  the  deformation  of  any  structure 
in  line  with  the  redundant  member  is  equal  to  the  deformation  of  the  redundant  member. 
Equation  (15)  shows  that  in  any  framework  in  static  equilibrium  and  having  a  redundant 
member  the  stresses  will  be  so  distributed  as  to  make  the  work  of  deformation  a  mini- 
mum, and  is  the  Theorem  of  Least  Work. 

In  calculating  the  stresses  in  statically  indeterminate  members  by  the  Work 
Equation  (13),  the  work  of  deformation  of  the  primary  structure,  not  including  the 
redundant  member,  is  differentiated  with  reference  to  the  stress  in  the  redundant 
member  and  the  resulting  deformation  is  placed  equal  to  the  deformation  of  the  re- 
dundant member.  With  the  Work  Equation  (15),  the  total  work  of  deformation, 
including  the  redundant  member,  is  differentiated  with  reference  to  the  stress  in  the 
redundant  member  and  the  result  is  placed  equal  to  zero. 

Problems. — For  the  calculation  of  the  stresses  in  statically  indeterminate  framed 
structures  by  the  Method  of  Work,  see  Chapters  XVI,  XXI  and  XXII. 

WILLIOT  DEFORMATION  DIAGRAM.— When  the  deformation  of  the  mem- 
bers have  been  calculated  the  relative  movements  of  all  the  joints  of  the  structure  may 
be  calculated  by  a  graphic  diagram.  In  (a)  Fig.  3,  the  point  c  is  connected  with  points 
a  and  h  by  lines  1  and  2,  respectively,  which  undergo  changes  —  Ai  and  +  A2,  respec- 
tively, while  the  points  a  and  h  move  to  new  positions  a'  and  V,  respectively.  It  is 
required  to  find  the  new  position  of  the  point  c.  Now  if  point  a  moves  to  point  a', 
point  c  will  move  to  point  c\\  while  if  point  h  moves  to  point  6',  point  c  will  move  to  Ci. 
Now  line  1  will  be  increased  in  length  by  Ai,  and  line  2  will  be  decreased  in  length  by  At. 
The  fin^  location  of  point  c  wiU  be  at  c'  which  will  be  at  the  intersection  of  arcs  drawn 
with  centers  a'  and  6',  and  radii  equal  to  the  new  lengths  of  the  lines  1  and  2,  respec- 
tively. Since  the  deformations  are  very  small  as  compared  with  the  lengths  of  the 
members,  the  new  location  of  point  c  at  the  point  c'  may  be  found  by  erecting  per- 
pendiculars at  the  ends  of  Ai  and  As.    The  construction  may  be  accomplished  without 
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drawing  members  1  and  2,  as  in  (b)  Fig.  3.    At  point  c  in  (6)  lay  off  o-a'  equal  and 
parallel  to  a-a'  in  (a),  and  also  c-h'  equal  and  parallel  to  6-6'  in  (a).    From  o'  in  (b)  lay 


i>^^^  ^, 


Fig.  3. 


Fig.  4. 


off  Ai  away  from  a',  in  (a)  and  from  6'  lay  off  Ai,  toward  6'  in  (a).  The  new  location 
of  c  at  the  point  c'  will  then  be  found  by  erecting  perpendiculars  at  the  ends  of  the  de- 
formations Ai  and  As. 

With  reference  to  signs,  in  Fig.  3,  —  Ai  is  a  lengthening,  and  is  therefore  due  to 
tension,  and  is  called  minus,  while  As  is  a  shortening,  and  is  therefore  due  to  compression 
and  is  called  plus.  In  laying  off  the  deformations  in  the  diagram  if  c  remains  fixed,  a 
tensile  stress,  and  therefore  a  minus  deformation  requires  that  point  a'  will  move  away 
from  a,  and  a  minus  deformation  should  therefore  be  laid  off  on  the  side  of  the  point 
on  which  the  member  occurs,  while  a  plus  deformation  should  be  laid  off  on  the  side  of 
the  point  opposite  the  side  on  which  the  member  occurs.  The  diagram  will  be  properly 
drawn  if  the  following  rule  is  observed  in  laying  off  the  deformations:  "  Lay  off  minus 
deformations,  tension  deformations,  so  as  to  cause  apparent  shortening  of  the  member, 
and  lay  off  plus  deformations  so  as  to  cause  apparent  lengthening  of  the  member." 


^ ^ ^ 

<^_ ^^-    / 


Fig.  5. 

The  assumption  of  minus  for  tensile  stresses  and  plus  for  compressive  stresses  is  there- 
fore  more  consistent  than  the  opposite  assumption,  which  is  made  by  some  writers. 

A  Williot  diagram  is  constructed  in  (6),  for  the  truss  shown  in  (a)  Fig.  5.  The 
member  B-C  is  assumed  as  fixed  in  direction  and  its  deformation,  Ai  is  laid  off  to  the 
left  of  B  and  to  the  right  of  C,  so  that  points  Bi  and  Ci  come  at  the  right  and  left, 
respectively,  of  Ai.     Deformation  in  member  B-b  is  —  Ai,  and  is  laid  off  downward 
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from  Bif  while  deformation  in  member  C-h  is  —  At,  and  is  laid  off  downward  from  Ci. 
The  new  position  of  point  b  at  61,  will  be  found  by  erecting  perpendiculars  at  the  outer 
ends  of  As  and  As.  The  new  position  of  point  a  at  ai  is  found  by  laying  off  —  A4  at  &i 
to  cause  apparent  shortening  of  the  member,  because  the  deformation  is  minus,  and  by 
laying  off  At  at  Bi  to  cause  apparent  lengthening  of  the  member,  because  the  deforma- 
tion is  plus,  and  then  erecting  perpendiculars  at  the  ends  of  A4  and  At  as  shown.  The 
Williot  diagram  in  (6)  gives  the  true  relative  distortions  of  the  joints  of  the  truss  in 
(a),  Fig.  5. 

If  the  point  a  is  assumed  as  fixed  and  the  member  a-&  be  assumed  as  fixed,  and 
the  Williot  diagram  be  drawn  as  in  (6),  Fig.  6,  the  Williot  diagram  is  distorted  due  to 
the  fact  that  both  members  at  point  a  rotate,  and  it  is  necessary  to  draw  a  correction 
diagram.  The  diagram  to  correct  for  rotation,  which  is  called  Mohr's  Rotation 
Diagram,  will  now  be  constructed  and  explained. 


Mohr's  Rotation  Diagram. — In  Fig.  4  the  framework  in  (a)  has  deformations  as 
shown  and  a  fixed  axis  a— d.  With  point  a  assumed  as  a  fixed  point  and  member  a-b 
marked  1,  assumed  as  a  fixed  axis  the  Williot  diagram  is  constructed  as  in  (6)  Fig.  4. 
Deformation  Ai  is  plus,  and  is  laid  off  to  cause  apparent  lengthening  in  member  a-h, 
so  that  point  &i  will  come  at  the  lower  end  and  point  ai  will  come  at  the  upper  end  of 
Ai  in  (6).  The  diagram  is  completed  in  the  same  manner  as  in  Fig.  5.  The  Williot 
diagram  in  (6)  does  not  show  the  true  changes  of  the  different  joints  on  account  of  rota- 
tion, and  is  necessary  to  construct  a  correction  diagram. 

In  Fig.  7,  assume  that  the  framework  in  (a)  is  connected  by  rays  with  a  center  0. 
Now  movement  about  the  center  0  will  be  indicated  in  direction  by  the  arrows,  and 
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the  amount  of  the  rotation  will  vary  as  the  distance  from  the  center  of  rotation,  O. 
Through  pole  0\  in  (6)  draw  rays  parallel  to  the  arrows  indicating  rotation  in  (a). 
Now  lay  off  the  distance  of  the  rotation  of  point  e,  equals  o'-e*  (calculated  in  a  manner 


(a) 


Fig.  7, 


not  yet  known)  in  (6).  The  rotation  distance  of  point  d  may  be  calculated  in  (6)  by 
drawing  a  triangle  o'-e'-d'  similar  to  triangle  o-c-d  in  (a),  but  having  corresponding 
sides  at  right  angles  to  each  other,  and  ray  o*-d'  is  the  rotation  distance  of  point  d'  in 
direction  and  amount.  Also  to  calculate  the  rotation  distance  for  c,  draw  triangle 
oW-c',  similar  to  triangle  a-d-c,  and  having  corresponding  sides  at  right  angles  to 
each  other.  Points  a'  and  6'  in  (6)  Fig.  7  may  be  located  in  the  same  manner.  Con- 
necting points  e',  d',  c',  a'  and  b'  in  (6)  will  result  in  the  framework  a'-b'-c'-d'-e'  which 
is  similar  to  the  framework  a-b-c-d-e  in  (a),  and  which  has  similar  members  respec- 
tively at  right  angles  to  each  other.  The  rotation  diagram  for  any  framework  ther^ore 
is  a  figure  similar  to  the  original  framework  with  its  members  at  right  angles  to  the 
corresponding  members  in  the  original  framework. 

In  (6)  Fig.  8,  the  Williot  deformation  diagram  drawn  for  the  framework  in  Fig.  4, 
has  been  corrected  by  Mohr's  rotation  diagram.  In  (a)  Fig.  8,  the  point  a  is  assumed 
as  a  fixed  point  and  the  line  a-d  is  assumed  as  the  axis  of  rotation.  The  rotation  dia- 
gram in  (&),  Fig.  8  is  constructed  as  follows: 

Through  the  fixed  point  ai  in  the  Williot  diagram  in  (b)  draw  a  line  at  right  angles 
to  the  axis  of  rotation  a-d  in  (a)  Fig.  8.  The  true  position  of  d'  in  (6)  will  be  found  by 
dropping  a  perpendicular  from  di  to  di',  on  the  axis  of  reference.  Point  c/  is  deter- 
mined by  the  intersection  of  lines  ay-ci  and  di-ci  drawn  perpendicular  to  lines  a-c 
and  d-c  respectively  in  (a).  The  points  6/  and  ei  in  the  rotation  diagram  are  located 
in  the  same  manner.  The  true  distortions  are  a  combination  of  the  distortions  given 
by  the  Williot  diagram  and  the  corrections  given  by  the  rotation  diagram,  and  can  be 
obtained  by  measuring  the  distance  from  a  point  on  the  rotation  diagram  to  the  corre- 
sponding point  on  the  Williot  diagram.  For  example  in  (6)  Fig.  8,  point  di  moves 
to  di,  point  Ci  moves  to  Ci,  etc. 

The  Williot  deformation  diagram  drawn  in  Fig.  6,  may  now  be  corrected  by  means 
of  Mohr's  rotation  diagram.    The  Williot  diagram  in  Fig.  6,  was  drawn,  assuming 
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that  a  is  a  fixed  point.  The  abutments  of  the  truss  are  fixed  and  the  axis  of  rotation 
will  be  a  line  a-c  through  the  hinges  of  the  truss.  The  Williot  diagram  is  drawn  by 
taking  the  deformations  of  the  members  1,  2,  3,  etc.,  drawing  perpendiculars  as  shown. 
The  rotation  diagram  is  drawn  as  follows:  Through  point  ai  in  the  Williot  diagram 
draw  a  vertical  line  at  right  angles  to  the  horizontal  axis  of  rotation.  Point  Ci  of  the 
Williot  diagram  wiD  be  projected  on  the  line  of  reference  at  ci',  and  the  true  movement 
of  point  c  will  be  found  by  measuring  from  c/  to  ci.  To  locate  6/  draw  intersecting 
lines  through  ai  and  Ci  at  right  angles  to  members  a-h  and  c-b,  respectively,  and  to 
locate  Bi   draw  intersecting  lines  through  ai  and  6/  at  right  angles  to  members  a-B 


Fig.  8. 


and  h-B,  respectively.  The  total  distortion  of  point  6i  will  be  found  by  measuring 
from  the  point  &i'  on  the  rotation  diagram  to  6i  on  the  Williot  diagram,  and  the  total 
distortion  of  point  B  will  be  found  by  measuring  from  point  Bi  on  the  rotation  diagram 
to  point  J^i  on  the  Williot  diagram.  The  deformation  diagram  for  the  lower  chord 
points  may  be  constructed  by  projecting  the  points  on  the  rotation  and  Williot  diagrams 
on  verticals  dropped  from  the  corresponding  chord  points  of  the  truss  The  vertical 
deflection  of  joint  b  will  be  the  vertical  projection  of  the  line  61-61'. 

In  Fig.  9  the  truss  was  loaded  with  an  unsymmetrical  loading,  so  that  the  middle 
post  c-c  did  not  remain  fixed  during  the  deformation  of  the  truss.  In  this  case  a  is 
the  fixed  point,  and  the  axis  of  rotation  is  horizontal.  The  rotation  diagram  was  con- 
structed on  the  axis  a'-e'  as  shown.  A  deflection  polygon  for  the  lower  chord  was 
constructed  by  projecting  the  points  on  the  rotation  diagram  and  on  the  Williot  diagram 
on  vertical  lines  drawn  through  corresponding  points.  The  deflection  of  the  lower 
chord  point  6,  will  be  the  intercept  6i-6s  on  the  deflection  diagram  in  (a). 

In  Fig.  10,  the  point  a  was  assumed  as  fixed  and  member  a-B  was  assumed  as  fixed 
in  direction.     The  axis  of  rotation  is  the  line  a-d  in  (a),  and  the  line  ot  reference  is 
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drawn  vertically  through  o!  in  the  Williot  diagram.  The  deformation  of  joint  d  is 
d'-dx  measured  in  the  direction  indicated.  The  rotation  diagram  was  constructed  on 
the  base  line  ol'-d*  in  the  usual  manner.  The  deflection  polygon  for  the  lower  chord  was 
drawn  as  in  Fig.  9. 

Algebraic  SoliUion  for  Rotation, — ^The  rotation  of  framed  structures  may  be 
calculated  algebraically  by  formula  (34)  or  by  formula  (42). 

Problems, — For  detail  calculations  of  the  deflection  of  framed  structures  by  the 
Williot-Mohr  Diagram  Method,  see  Chapters  XX  and  XXII. 

lifFLUENCE  DUGRAM  FOR  HORIZONTAL  REACTION  OF  A  TWO- 
HINGED  ARCH. — An  influence  diagram  for  the  horizontal  reaction  of  a  two-hinged 
arch  may  be  constructed  by  means  of  a  Williot  diagram  as  in  Fig.  11.    Apply  a  load 


^""^^^        !    \       ^-f^'        A' ^.0000187  in. 
^"-.  /      \  ^^'iW  yy^ y^=. 0000095 h 


Fig.  11. 


H  =  unity  at  the  right  reaction  in  (6),  and  calculate  the  U  stresses  in  the  members. 
With  the  resulting  deformations  construct  the  Williot  diagram  in  (c).  Then  construct 
a  deflection  diagram  for  the  loaded,  upper,  chord  by  projecting  the  points  from  the 
Williot  diagram  to  vertical  lines  through  corresponding  points  of  the  arch  in  {d).  Now 
from  Maxwell's  Theorem  if  a  load  unity  at  /  gives  a  deflection  yh  at  point  B,  a  load 
Ph  at  B  will  give  a  deflection  Pb  •  ^  at  /.  In  like  manner  if  the  deflection  at  C  due  to 
a  load  unity  at  /  is  y^  a  load  Pc  will  give  a  deflection  Pe'Ve  at  /,  etc.  And  finally  the 
total  deformation  at  /  due  to  all  the  loads  on  the  arch  will  be 


A  =  Ph-m  +  Pc'Vc  +  Pd-yd  +  P.y. 

and  the  true  value  of  the  horizontal  reaction  will  be 


(16) 
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(17) 


The  arch  shown  in  Fig.  11  is  the  arch  given  in  Chapter  XX.  From  this  problem 
A'  =  0.0000287  in.;  Pf,  =  P^  =  18,0001b.;  P,  =  P^  =  24,0001b.;  j/^  =  y«  =  0.000065 
in.;  Vc  =  Vd  =  0.00015  in. 

Substituting  in  equation  (16)  the  values  of  the  loads  and  deflections,  gives  the 
deformation  in  line  with  H  due  to  the  loads,  Pty  Pe,  Pd  and  P*,  and 

A  =  2(18,000  X  0.000065)  +  2(24,000  X  0.00015)  =  0.954  in.  .  (18) 

Solving  for  H  by  substituting  values  of  A'  and  A  in  (17),  gives 

H  =  0.954/0.0000287  =  33,300  lb. 

METHOD  OF  ELASTIC  WEIGHTS.— The  method  of  elastic  weights  when 
applied  to  a  beam  was  shown  in  Chapter  XIV,  Fig.  18  to  be  the  same  as  the  method  of 
area  moments.  The  Method  of  Elastic  Weights  will  now  be  developed  for  framed 
structures. 


•  I 


(b)  Influence  Dl9gP3m 


Sa 


^^  — 


--""■"       {c)  Deflection  D lag  nam 


Fig.  12. 


Deflections  Due  to  Chord  Members. — In  the  Warren  truss  with  parallel  chords  in 
Fig.  12,  it  is  assumed  that  all  members  of  the  truss  are  rigid  except  one  panel  of  the 
top  chord,  which  has  a  deformation  Ac.  Now  if  point  c  in  the  lower  chord  remains 
fixed  in  position,  the  left  end  of  the  truss  will  rise  an  amount  ha  which  may  be  calculated 
by  the  proportion 


and 


Ac  :  /i  :  :  5a  :  a 


Ac 

ha  =  o,'  —    =  a-A0 

h 

=  a-w 
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where  w  »  the  elastic  weight  for  the  point  c.  Now  by  comparing  the  deflection  dia- 
gram in  (c)  with  the  influence  diagram  for  moment  at  the  point  c,  in  (6)  it  will  be  seen 
that  the  deflection  diagram  is  an  influence  diagram  drawn  for  the  elastic  weight  Wy  in 
place  of  unity.  This  leads  to  the  statement  of  the  theory  of  elastic  weights  as  applied 
to  framed  structures,  '^  The  deflection  of  any  joint  in  a  framed  structure  due  to  the 
deformation  of  any  member  Ac,  due  to  any  loading  is  equal  to  the  bending  moment  at 
the  joint  due  to  a  load  unity  applied  at  the  joint,  multiplied  by  a  quantity  w  ^  the 
elastic  weight  of  the  member." 

This  theorem  may  be  proved  as  follows: 

To  calculate  the  deformation  at  joint  c.  Fig.  12,  due  to  a  deformation  Ac  in  the 
upper  chord  member  c,  apply  a  load  unity  at  joint  c  acting  in  line  with  $i,  and  the 
deflection  of  the  structure  at  c  due  to  the  deformation  of  the  member  Ac  will  be  from 
formula  (2) 

UciSc'Lc 


But 


Ac'E 


=  Ac, 


Ac'E 
and 

5i  =  t/cAc 

Now  the  stress  Ue  is  equal  to  mdh,  where  me  »  bending  moment  at  c  due  to  a 

load  unity, 

a(L-'a) 
m. j^ 

in  the  unit  influence  diagram  in  (&)  Fig.  12,  and  h  —  depth  of  truss,  and 

trie  •  Ac 

«•  =  -!- 

=  me'W  (19) 

The  deflection  dx  at  a  distance  x  from  the  right  end  of  the  truss  due  to  the  deforma- 
tion Ac  will  be 

5,  =  mx-w  (20) 

Therefore  the  deformation  at  any  joint  of  a  framed  structure  due  to  the  deforma- 
tion of  any  member  will  be  w  times  the  bending  moment  at  the  joint  due  to  a  load  unity 
applied  at  the  center  of  moments  used  in  calculating  the  stress  in  the  member,  and 
acting  parallel  to  the  line  in  which  it  is  desired  to  measure  the  deformation. 

The  elastic  weight  for  any  chord  member  in  a  simple  truss  will  be 

wc  =  Ac/r  (21) 

where  Ac  is  the  deformation  due  to  external  loads,  temperature,  or  inelastic  changes,  and 
r  is  the  moment  arm  that  is  used  in  calculating  the  stress  in  the  member  by  moments. 
Deformations  that  shorten  the  member  are  plus,  and  deformations  that  lengthen  the 
member  are  minus.     Arms  measured  upward  are  plus  and  arms  measured  downwards 
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axe  minus.    The  elastic  weights  are  all  positive  for  both  the  top  chords  and  bottom 
chords  of  simple  trusses. 

The  total  deformation  at  any  joint  due  to  the  deformations  of  all  members  in  the 
framework  will  be  found  as  follows.  Load  the  framework  with  the  elastic  weights  for 
all  the  members;  construct  a  force  polygon  for  the  elastic  weights,  with  a  pole  distance 
H  =  unity,  and  draw  an  equilibrium  polygon.  The  equilibrium  polygon  will  be  the 
deflection  polygon  for  the  truss.  The  elastic  weights  are  positive  for  both  top  and 
bottom  chords  in  a  simple  truss. 


^C^,^  1 


(b)  Influence  Pi  a  gram 


:Kii.--- 


(c)  Deflecflon  Diagram 

Fig.  13. 
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Ac^  Ac  CSC  d^  M, 

(e) 


In  a  Warren  truss  with  inclined  chords  as  in  Fig.  13,  the  elastic  weight  for  the 
upper  chord  member  will  be  Wc  =  Ac/r  and  will.be  applied  at  the  joint  c.  The  deflec- 
tion at  any  joint  a  distance  x  from  the  right  abutment  will  then  be  5,  »  nix'We,  as  for  a 
bridge  with  parallel  chords. 

Deflections  Due  to  Web  Members. — In  the  Warren  truss  in  Fig.  14,  it  is  required 
to  calculate  the  deflection  at  any  joint  due  to  a  deformation  Adi  in  the  web  member  c-D. 
Now  from  the  definition  of  an  elastic  weight  the  deflection  of  any  joint  in  the  frame- 
work due  to  the  deformation  in  any  member  may  be  calculated  from  the  influence 
diagram  drawn  for  a  load  w  =  Adi/r,  acting  through  the  center  of  moments  for  the 
member.  But  point  0  is  outside  the  truss  and  the  problem  may  be  much  simplified 
by  substituting  two  elastic  weights,  t^i  acting  at  joint  c,  and  t^i  acting  at  joint  d,  for 
the  elastic  weight  w  at  0.  The  elastic  weights  wi  and  Wi  may  be  calculated  by  the 
condition  (1)  that  w  —  W\  +  ws,  and  (2)  that  the  sum  of  the  moments  of  v>\  and  Wt 
about  any  joint  equals  moment  of  w. 

Taking  moments  about  joint  c,  we  have 

A(fi'a 
W2-Z  =  ±-^-  (22) 
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and 


Wt  —  :t 


r-l 


(23) 


since  a/l  ==  r/ri. 

Taking  moments  about  joint  d,  we  have 


Mi'b 


Wi      =  T 


=  =F 


r-l 
Adi 


(24) 


since  b/l  =  r/ri. 

The  influence  diagram  for  maximum  moment  at  the  point  0  will  be  the  influence 
diagram  constructed  as  in  Fig.  14,  Chapter  VII,  and  as  shown  in  Fig.  14.     The  de- 
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flection  at  any  joint  in  the  loaded  chord  of  the  truss  in  Fig.  14,  due  to  the  deformation 
Adi  of  the  web  member  c-D  will  then  be  the  algebraic  sum  of  the  deformations  due 
to  wi  acting  at  joint  c,  and  W2  acting  at  joint  d,  calculated  as  for  chord  deflections  in 
Fig.  13. 

The  elastic  weights  Wi  and  w^  will  have  opposite  signs.  The  positive  elastic  weight 
wiU  come  on  thai  side  of  the  section  or  panel  where  the  sign  of  Ad i  is  the  same  as  the  sign  of 
the  stress  in  the  adjaceni  chord.  If  Ld\  in  Fig.  14  is  plus,  Wt  will  be  plus  and  t^i  will  be 
minus. 

It  has  been  assumed  in  this  discussion  that  the  lower  chord  is  the  loaded  chord. 
If  the  upper  chord  is  the  loaded  chord,  elastic  weights  w\  and  W2  should  be  calculated 
in  a  similar  manner  for  the  upper  chord  joints. 
18 
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The  elastic  weights  for  both  web  members  and  chord  members  at  any  joint  will 
be  the  algebraic  sum  of  the  elastic  weights  due  to  chord  members  and  web  members. 
The  elastic  weights  for  web  members  are  all  applied  on  the  loaded  chord.  The  deflec- 
tion diagram  for  the  loaded  chord  may  then  be  calculated  by  means  of  a  force  polygon 
with  the  loads  all  acting  paralle^  to  the  lines  of  the  deflections  of  the  joints,  and  a  pole 
distance  H  =  unity,  and  the  resulting  equilibrium  polygon  will  be  the  deflection 
polygon. 

Second  Solution, — The  elastic  weights  Wi  and  Wt  may  be  applied  at  the  ends  of  the 
web  members  as  shown  in  Fig.  15. 


iYsjf^/ 


Fio.  15. 


In  same  manner  as  for  Fig.  14  the  elastic  weights  are 


«?2  =  db 


Ae^i 


and 


tTi  =  db 


Ml 


(25) 


(26) 


the  values  of  ri  and  Vi  being  as  shown  in  Fig.  15. 

For  a  bridge  with  vertical  posts  formulas  (23)  and  (25),  and  (24)  and  (26)  are 
identical,  respectively. 

Defliections  for  Vertical  Posts. — In  the  Pratt  truss  with  inclined  chords  in  Fig.  16 
it  is  required  to  calculate  the  deflection  at  any  joint  due  to  a  deformation  At;  in  the 
post  c-C. 

Now  the  center  of  moments  for  calculating  the  stress  in  c-C  is  at  0,  and  the  elastic 
weight  w  =  Av/r  will  be  applied  at  0.  In  order  that  the  elastic  weights  for  the  vertical 
posts  may  be  combined  with  the  elastic  weights  for  the  chord  members  it  will  be  neces- 
sary to  replace  elastic  weight  w  with  two  elastic  weights  Wi  and  wt  acting  at  joints  C 
in  the  unloaded  chord  and  d  in  the  loaded  chord.  In  the  same  manner  as  for  the 
elastic  weights  for  web  members,  we  have 
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Wi'l  =  ± 


Av-r 


and 


Wt  =  ±  — 


Av 
I 


also 


fVi'l  =  =T= 


Av-h 


and 


1£?1  =  =F 


Av    h 


I 


But 


and 


wi  =  ^  -T  •  -r 


T'Ti 


For  a  bridge  with  parallel  chords  it  will  be  seen  that 


Wl  =  —  Wt  =^  —  — 


At; 
I 


(27) 


(28) 


(29) 


Fig.  16. 

The  signs  of  t^i  and  wt  may  be  obtained  by  the  rule  stated  for  web  members.  "  The 
positive  elastic  loeight  wiU  come  on  that  side  of  the  section  or  panel  where  the  sign  of  Av  is 
the  same  as  the  sign  of  the  stress  in  the  adjacent  chord."  In  Fig.  16,  At;  is  plus  and  Wi  is 
minus  and  Wt  is  plus. 

Deflection  of  a  Pratt  Truss. — A  Pratt  truss  highway  bridge  of  120  ft.  span,  for  a 
full  load  has  the  deformations  of  members  as  shown  in  Fig.  17.    The  elastic  weights  are 
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calculated  as  shown  in  Table  I.     The  elastic  weights  are  Wi   =  0.00058;  Wt   =  0.00094; 
and  \w%   =  0.00083. 


a -f  0.070  ^z-t0,078^3 


t 

''•■■*'''■* 

(b)  Williof    Diagram 

Leff-  Half  of  Truss 


(d)  Elastic  Weight  DIagpsm 

Right  Half  of  Truss 


Fig.  17. 


TABLE  I. 
Calculation  op  Elastic  Weights  for  a  Pratt  Truss. 


Member. 

Calculation. 

Elastic  Weight. 

Point. 

V 

UiUt 
UtUt 

UtU 

+  0.074  "=■  +  18^ 

—  0.022  -I 252 

+  0.070  -^  +  252 

—  0,121  -5 252 

+  0.078  -i-  +  252 

^,^^    .    /+  182 

-  0.120  -^  j  ^  ,8^ 

-0.080^1  + ;«^ 
+ 0.020  -  { +  ^J° 

0.00041 
0.00087 
0.00028 
0.00048 
0.0003 1 

—  0.00070 
+  0.00070 

—  0.00044 
+  0.00044 

—  0.00008 
+  0.00008 
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—   0.0^ 

—  o.oc 
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0.0005 

0.000^ 

o.oooi 

»44 

»94 

Scale  of  Polygon  2' 

8  X  480  =  o.iS 

)4  X  480  =  0.44 

I3  X  480  =  0.40 

=  0.00083 

I" 

The  deflections  may  be  calculated  as  follows. — The  left  reaction  is  R\  «  0.00058 
+  0.00094  +  0.00083  =  0.00235.     Deflection  at  U  =  0.00235  X  240  +  0.12  =  0.68  in. 
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Deflection  at  L2  =  0.00235  X  2  X  240  -  0.00058  X  240  =  0.99  in.  Deflection  at 
L,  =  0,00235  X  3  X  240  -  0.00058  X  2  X  240  -  0.00094  X  240  =  1.18  in. 

The  Williot  diagram  for  the  left  half  of  the  truss  is  drawn  in  (6)  Fig.  17. 

To  construct  a  deflection  diagram  the  elastic  weights  must  be  multiplied  by  the 
ratio  of  the  scale  of  the  truss  and  the.scale  of  the  deflection  diagram  =  240/^  =  480. 
Then  wi  =  0.28;  Wz  =  0.44;  ^wz  =  0.40.  Construct  a  force  polygon  with  pole  H  = 
unity  and  draw  the  deflection  diagram  as  in  Fig.  17. 

Problem, — For  the  detail  calculation  of  the  camber  for  a  railway  truss  bridge  by 
the  Method  of  Elastic  weights,  see  Problem  9,  Chapter  XXII. 

ROTATION  OF  STRUCTURES.*— The  rotation  of  the  axis  of  any  part  of  a  struc- 
ture may  be  calculated  by  a  process  of  algebraic  summation  similar  to  the  process 
of  algebraic  summation  for  calculating  deformations. 


/ 


Fig.  18. 


Framed  Structures. — In  Fig.  18  it  is  required  to  calculate  the  rotation  about  the 
point  A  of  the  member  AC  in  (a)  or  the  line  joining  the  points  A  and  C  in  (&).  Apply 
a  unit  moment  at  A,  This  unit  moment  is  applied  by  means  of  a  couple  with  forces  1/Z 
acting  at  A  and  C,  and  in  the  direction  that  the  rotation  is  to  be  measured.  The  arm 
of  the  couple  will  then  be  I,  and  the  moment  will  be  unity. 

Now  assume  that  all  members  of  the  framework  are  rigid  except  member  BC  in 
(o)  or  B'C  in  (6),  which  is  deformed  an  amount  5.  Assume  that  the  deformation 
of  the  framework  at  C  due  to  the  change  in  length  of  BC  or  B'C  is  A. 

Now  let  P  be  the  external  moment  due  to  forces  P/l  acting  in  place  of  l/l  that 
will  remove  deformations  A  and  5.  Then  the  external  work,  if  P/l  is  gradually  applied, 
will  be 

W  =  iP'A/l 
But  A  —  ha!f  and 

Tr  =  iPa'  (30) 

The  internal  work  in  removing  the  deformation  b,  will  be 

*Thi)B  principle  as  applied  to  framed  structures  was  first  used  by  Mohr  in  his  solution  of 
secondary  stresses  in  1892,  see  Grimm's  ''  Secondary  Stresves/'  1908.  The  use  of  this  principle 
has  been  elaborated  and  extended  by  Professor  George  F.  Swain  in  a  paper  in  Proceedings,  Am. 
Soc.  C.  £.  Vol.  XLV,  March,  1919.  This  discussion  foUowB  Professor  Swain's  article,  which 
should  be  consulted  for  further  applications. 
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W  =  jP-r-5  (31) 

where  r  »  stress  in  member  BC  or  B*C  due  to  a  unit  moment  acting  on  the  framework 
(the  forces  Ijl  are  applied  at  A  and  C). 

Now  the  external  work  is  equal  to  the  internal  work,  and  equating  equations  (30) 
and  (31),  there  results 

a'  =  r-5  (32) 

Now  the  deformation  of  the  member  BC  or  B'C  due  to  any  external  loading  will  be 
5  «  (S'L)/{A'E),  where  S  =  total  stress  in  the  member,  A  =  area  of  the  cross-section 
of  the  member,  L  =  length  of  the  member,  and  E  =  modulus  of  elasticity  of  the  material 
in  lb.  per  sq.  in.,  and 

S-r-L 

«'  =  -a:e  <^^> 

Now  if  each  member  is  assumed  to  be  deformed  in  turn,  the  total  rotation  will 
be  the  sum  of  the  individual  rotations,  and 

ES'T'  Li 

By  comparing  equation  (34)  with  equation  (3)  it  will  be  seen  that  U  in  equation 
(3)  is  the  total  stress  in  the  member  for  a  unit  load  applied  in  the  line  and  in  the  direction 
in  which  the  deformation  is  to  be  measured;  while  r  in  equation  (34)  is  the  total  stress 
in  the  member  for  a  unit  moment  applied  at  the  point  about  which  rotation  is  desired, 
the  forces  l/l  being  applied  at  the  points  between  which  rotation  is  to  be  measured. 

It  will  be  seen  that  this  is  the  algebraic  solution  of  the  rotation  problem  that  is 
solved  by  a  combination  of  the  Mohr  rotation  diagram  and  the  Williot  diagram. 

Beams. — The  formula  for  calculating  the  change  in  slope  of  a  member  stressed  in 
flexure  may  be  calculated  by  substituting  da  for  A,  and  dZ  f or  L  in  formula  (33).  The 
differential  change  in  slope  at  the  point  A  in  a  beam  AB  will  be 

S-r-dl 
^  -  aaTE  <^^> 

The  stress  S  due  to  an  external  loading  will  be 

Mt'V'da 
S  =        J  (36) 

since  the  stress  iS  is  on  a  differential  area.    While  the  stress  due  to  the  unit  moment 
will  be 

r  =  ^- (37) 

Substituting  the  value  of  S  in  (36)  and  r  in  (37)  in  (35),  we  have 

da  =  ^:y^ (38) 

The  differential  slope  in  (38)  must  be  integrated  over  the  cross-section  and  over 
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the  length  I.    If  the  member  is  of  constant  cross-section,  the  integration  over  the  area 
will  be  Xiy^'da)  —  I,    Integrating  from  0  to  Z  equation  (38)  becomes 


dl 

(39) 


Formula  (39)  differs  from  the  formula  for  deflection  in  a  beam 

C  Mrm-dl 

in  that  Mr  is  the  moment  at  any  point  due  to  unit  moment  applied  at  the  points  in  the 
beam  between  which  the  rotation  is  to  be  measured,  and  m  is  the  moment  at  any  point 
due  to  a  unit  load  applied  at  the  point  at  which  the  deflection  of  the  beam  is  to  be 
calculated,  and  acting  in  the  direction  that  the  deflection  is  to  be  measured.  It  should 
be  noted  that  rotation  in  (39)  is  about  a  point  at  one  end  of  the  integration.  In  a 
rigid  frame,  a  structure  consisting  of  several  beams,  the  rotation  about  a  point  will  be 


t/O 


MrMr'dl 


Framework  with  Bending  and  Direct  Stress. — In  a  structure  in  which  the  members 
have  direct  stress,  or  flexure,  Or  both,  the  change  in  slope  about  a  fixed  point  will  be 
found  by  combining  the  values  of  the  slope  calculated  by  equation  (34)  and  equation 
(39),  and 

M.'Mr'dl 


-S^^-sX' 


From  equation  (42)  it  will  be  seen  that: 

(1)  If  in  any  member,  either  the  external  load,  or  the  applied  moment,  Mr  =  1, 
cause  a  direct  stress  only,  and  the  other  a  flexural  stress  only,  the  value  of  a  for  that 
member  will  be  zero. 

(2)  The  flexure  in  any  member  may  be  neglected  unless  both  the  external  loads 
and  the  applied  moment,  Afr  =  1,  cause  flexural  stress  in  it. 

(3)  The  direct  stress  in  any  member  may  be  neglected  unless  both  the  external 
loads  and  the  applied  moment,  Afr  =  1,  cause  a  direct  stress  in  it. 

Problem. — Required  the  slope  at  the  loaded  end  of  a  cantilever  beam  with  a  span 
I,  carrying  a  load  P  at  the  end.  The  load  P  produces  a  moment  at  any  section  a  dis- 
tance X  from  the  end,  Af,  =  P-x.  The  applied  couple  Afr  =  1,  at  the  free  end,  produces 
a  negative  moment,  Af r  =  —  1,  at  any  point.    Substituting  in  equation  (39) 


r'  MrMr'dl r'  P'X'dl 

"*"       X        EI       "  "  Jo     EI 


P'J} 

(43) 


2E'I 
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WORK  OF  FLEXURE.~Let  Fig.  19  be  a  portion  of   a  beam  which  is  in  flexure 
under  the  action  of  an  external  load  or  loads,  and  has  a  bending  moment  M  at  the 


section  1-2,    Then  the  stress  in  any  fiber  at  a  distance  y  from  the  neutral  axis  NA  is 

M*y 

—r~  ;  and  the  deformation  of  any  differential  length  (2x  at  a  distance  y  from  the 


8'  - 


neutral  axis  NA  will  be 


dL 


S' 


dx 


M 


ydx 


(44) 


E  E'l 

where  E  is  the  modulus  of  elasticity  of  the  material  composing  the  beam,  and  I  is  the 
moment  of  inertia  of  the  section  1-2  about  the  neutral  axis  NA.  Then  the  deformation 
of  a  fiber  of  length  dx  at  the  outer  fiber  will  be 


M 

E'l 


(45) 


If  z  is  the  breadth  of  the  beam  at  a  distance  y  from  NA,  then  the  stress  on  a  differential 
area  dA  of  the  fiber  at  a  distance  y  from  NA  will  be 


a  ^ 

iS>  =  y  z-ydy 


(46) 


and  the  work  of  resistance  of  the  differential  fiber  will  be  }  /5*(2A,  and 

dw 


1   M  M 

-^-jV'dxX-jz-rdy 


(47) 


Integrating  (47)  between  the  limits  +  h  and  —  h\  the  work  of  resistance  on  the 
length  of  beam  dx,  is 

(48) 


1  M«      r+* 


Now 


/ 


+*  1  Af  « 

Z'  ij*'  dy  =  /,  and  dW  =  -  :;r-;,  dx 


The  total  work  of  resistance  in  a  beam  with  a  length  I  will  be 


(49) 


W 


~  Jo  2E.I 


-  ^— •  dx 


(50) 


CHAPTER  XVI. 

Stresses  in  Statically  Indeterminate  Structures. 

Introductioii. — In  simple  structures  the  reactions  and  the  internal  stresses  may  be 
calculated  by  the  static  condition  equations  for  translation,  Z  horizontal  components 
of  forces  equal  zero,  2)  vertical  components  of  forces  equal  zero,  and  Z  lateral  forces 
equal  zero;  and  the  equation  for  rotation,  2)  moments  of  forces  about  any  point  equal 
zero.  By  projecting  the  forces  on  a  vertical  and  a  horizontal  plane,  the  condition 
equations  for  coplanar  forces  may  be  applied  to  the  components  in  each  plane.  The 
problem  is  commonly  simplified  by  having  all  internal  and  external  forces  in  one  plane, 
usually  a  vertical  plane. 

A  statically  indeterminate  structure  is  one  in  which  the  above  conditions  for  static 
equilibrium  .do  z^ot  give  sufficient  equations  to  determine  the  unknown  external  forces, 
or  the  unknown  internal  stresses,  or  both.  Structures  may  be  statically  indeterminate 
externally,  or  internally,  or  both  externally  and  internally.  A  continuous  beam  is 
statically  indeterminate  externally;  a  two-hinged  arch  with  a  horizontal  tie  is  statically 
indeterminate  internally;  while  a  two-hinged  arch  with  fixed  abutments  may  be  con- 
sidered to  have  a  statically  indeterminate  horizontal  reaction,  or  a  member  may  be 
considered  as  a  tie  and  the  primary  structure  is  a  statically  determinate  three-hinged 
arch,  and  the  two-hinged  arch  is  statically  indeterminate  internally.  The  stresses  in 
statically  indeterminate  structures  depend  upon  the  rigidity  of  the  members,  or  the 
reactions,  or  of  both  the  members  and  the  reactions;  and  it  is  therefore  necessary  to 
know  the  exact  sizes  and  dimensions  of  the  members  before  the  stresses  can  be  calculated. 

If  a  structure  is  acted  upon  by  an  external  force  which  produces  stresses  in  the 
structure,  the  structure  will  deflect  under  the  load,  and  the  stresses  in  the  members 
will  cause  the  compression  members  to  shorten  and  the  tension  members  to  lengthen. 
The  external  work  will  be  equal  to  one-half  the  product  of  the  load  and  the  deflection 
of  the  structure  under  the  load — ^it  is  assumed  that  the  external  load  has  been  gradually 
applied,  if  the  load  were  suddenly  applied  the  work  would  be  equal  to  the  product  of 
the  force  and  the  deflection,  which  would  double  the  stresses  due  to  a  load  gradually 
applied  and  would  cause  the  structure  to  vibrate  until  it  came  to  rest  under  the  condi- 
tions first  assumed,  providing  the  stresses  in  the  structure  have  not  exceeded  the  elastic 
limit  of  the  material.  The  internal  work  in  the  structure  will  be  equal  to  the  sum  of 
one-half  the  stress  in  each  member  multiplied  by  the  deformation  of  the  member  due 
to  the  stress.  Now,  since  the  structure  simply  stores  up  the  energy  due  to  the  appli- 
cation of  the  external  loads,  the  work  of  the  external  loads  must  be  equal  to  the  work  of 
the  internal  stresses.  A  fourth  condition  for  equilibrium  of  a  structure  then  is,  that  the 
work  of  the  external  forces  is  equal  to  the  work  of  the  internal  stresses. 

The  additional  conditions  required  to  calculate  the  stresses  in  statically  inde- 
terminate structures  may  be  derived  either  from  the  condition  (1)  that  the  external 
work  done  by  the  external  forces  on  any  structure  in  elastic  equilibrium  must  be  equal 
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to  the  internal  work  done  by  the  internal  stresses  acting  on  the  internal  members, 
or  (2)  that  the  deformation  of  any  structure  in  line  with  a  redundant  member  is  equal 
to  the  deformation  of  the  redundant  member.  The  work  equation  and  the  deformation 
equation  both  depend  upon  the  law  of  conservation  of  energy.  They  are  not  inde- 
pendent, for  each  method  will  follow  from  the  other.  In  the  calculation  of  the  stresses 
in  statically  indeterminate  structures  of  any  type,  the  first  step  is  to  remove  all  the 
redundant  members  or  redundant  reactions,  leaving  a  statically  determinate  structure, 
called  the  primary  structure.  Second,  calculate  the  stresses,  S^  in  each  member  due 
to  the  external  loads  acting  on  the  primary  structure. .  Third,  by  applying  the  condi- 
tions of  equal  work  or  of  equal  deformations  to  each  redundant  member  or  each  re- 
dundant reaction,  in  turn,  there  will  be  formed  as  many  equations  as  there  are  re- 
dundant conditions;  the  simultaneous  solutions  of  these  equations  will  give  the  values 
of  all  redundant  stresses  and  reactions.  The  final  stress  in  any  member  will  then  be 
the  stress  in  the  member  due  to  the  external  loads  acting  on  tbe  primary  structure, 
plus  the  stress  in  the  member  due  to  each  redundant  member  or  reaction  acting  as  a 
load,  considered  in  turn.  If  Ui  is  the  stress  in  the  member  due  to  a  unit  load  acting 
in  line  with  the  redundant  member  having  a  final  stress  Si]  U  Ut  is  the  stress  in  the 
member  due  to  a  unit  load  acting  in  line  with  the  redundant  member  having  a  final 
stress  St;  etc.;  then  the  final  stress  in  the  member  will  be 

S  =  S'  +  iSi-  Ui  +  St'  Ut  +  etc. 

In  all  cases  it  is  assumed  (1)  that  the  structure  is  perfectly  elastic,  or  if  not,  its 
condition  will  be  known,  and  (2)  that  the  deformations  are  relatively  small  so  that  the 
form  of  the  structure  is  not  materially  changed  by  the  elastic  changes. 

In  a  statically  indeterminate  structure  the  stresses  for  any  loading  will  be  such  that 
the  internal  work  of  deformation  will  be  a  minimum,  as  was  proved  in  Chapter  XV. 
There  are  therefore  three  general  methods  for  the  calculation  of  stresses  in  statically 
indeterminate  structures,  (1)  the  Method  of  Equal  Work,  (2)  the  Method  of  Least 
Work,  and  (3)  the  Method  of  Equal  Deformations. 

Method  of  Equal  Defonnations. — The  principle  of  the  method  of  equal  deforma- 
tions is;  The  deformation  of  any  structure  in  line  with  any  redundant  'member  is  eqtud 
to  the  deformation  of  the  redundant  member.  The  Method  of  Equal  Deformations 
is  the  most  easily  understood,  and  it  has  the  added  advantage  that  the  deformations 
may  be  calculated  by  work  equations,  by  area  moments,  by  elastic  weights,  by  the 
Williot  diagram,  by  algebraic  summation,  or  by  a  combination  of  these  methods. 

STRESSES  IN  A  FRAMEWORK  WITH  ONE  REDUNDANT  MEMBER. 
Method  of  Algebraic  Summation. — The  framework  in  (a),  Fig.  1  is  a  two-hinged  arch 
with  a  horizontal  tie,  one  end  being  fixed  and  the  other  end  resting  on  frictionless  rollers. 
The  stress  in  the  tie  3-c  will  depend  upon  the  rigidity  of  the  triangular  truss  and  of  the 
tie,  the  deformation  of  the  tie  3-c  being  equal  to  the  horizontal  deformation  of  the 
arch.  The  arch  carries  a  load  W,  which  produces  vertical  reactions  Ri  and  Rtf  which 
are  statically  determinate. 

In  (6),  Fig.  1,  assume  that  the  tie  3-c  is  replaced  by  the  horizontal  stress,  jSi, 
acting  in  place  of  the  tie.  Assume  that  all  members  of  the  framework  are  rigid  except 
member  1-3,  which  is  increased  in  length,  5,  under  the  action  of  the  load,  TT,  and  that 
the  right  end  of  the  arch  moves  a  distance  A  to  the  right.  Let  s  be  the  horizontal  force 
necessary  to  bring  the  right  reaction  back  to  its  original  position.     Now,  the  internal 
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work  in  the  member  1-3  will  he  ^s-U-d,  where  U  is  the  stress  in  1-3  due  to  a  stress 
Si  »  unity,  and  the  external  work  in  bringing  the  right  abutment  back  to  its  original 
position  is  ^s-A.     Now,  since  the  internal  work  is  equal  to  the  external  work 


A  =  U'8 


(1) 


0 1— 8  •  Li 

But  6  =  ~~7~7^t  where  L  =  length  of  the  member  in  inches,  A  =  area  of  the  cross- 
A'  E 

section  of  the  member  in  square  inches,  E  =  modulus  of  elasticity  of  member  in  pounds 


1 1  w 


Fig.  1. 

per  square  inch,  and  5i-s  =  stress  in  member  1-3  due  to  load  W,  and  substituting  in  (1) 

Si^z'U'L 


A  = 


A'E 


(2) 


Now,  if  all  the  members  in  turn  are  assumed  to  carry  stress,  the  deformation  of  the 
right  end  of  the  truss  will  be 

Now,  if  8  *  17  is  the  stress  in  member  1-3  due  to  the  stress  8  acting  in  line  with  Si  at  the 
right  hinge,  then  in  the  same  manner  as  above 


and  since 


A  =  U'B 
8'U'L 


(1) 


6  = 


A  = 


A'E 

8'IP'L 

A'E 


(4) 


Now,  if  all  the  members  in  turn  are  assumed  to  carry  stress,  the  right  end  of  the  truss 
will  be  brought  back  a  distance 

^'=Z-r-ir  (6) 


Now  28  =  Si,  and 


A'  =  SiY, 


A'E 
IP'L 


A'E 


(6) 
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Now  the  deformation  of  the  tie  3-c  is  A''  =  {Si'l)/(Ai'E)y  where  I  =  length  of  3-^. 
Then  since  the  deformation  of  the  tie  =  deformation  of  right  end  of  truss,  Ai  «  A' 
+  A",  and 

S'U'L 


z 


Si  = 


A'E 


z?^+ 


I 


(7) 


A'E       AvE 


Problem  1. — To  explain  the  application  of  the  above  method  the  stresses  will  be 
calculated  in  the  two-hinged  arch  given  in  (a),  Fig.  2,  where  W  «  20,000  lb.,  and  the 
areas  of  the  members  are  as  given  in  Table  I,  column  2. 

Solution. — ^The  details  of  the  solution  are  as  follows:  (1)  Assume  that  member  3-c 
is  not  acting,  and  calculate  the  stresses,  S\  in  the  truss  in  (a),  Fig.  2,  assuming  that 
it  is  free  to  move  at  the  right  reaction  and  carries  a  load  of  W  =  20,000  lb.  The  stresses 
are  calculated  by  graphic  resolution  in  (&),  Fig.  2,  and  the  stresses  are  given  in  Table  I, 
column  3.  The  lengths,  L,  of  the  members  are  given  in  column  4,  Table  I;  the  de- 
formation of  the  members,  for  E  =  30,000,000,  are  given  in  column  5;  the  values  of 


W"20000lh 


10000' 


Scdie  (f  Stresses 


\ 


■T-T 

I 


3-\W 

I 

2 

_i.jL 


(b) 


Fig.  2. 


U — calculated  as  will  be  explained  presently — are  given  in  column  6;  and  the  values 
of  (5'*  U-L)I{A'E)  are  given  in  column  7.  The  total  horizontal  deformation  of  the 
truss  under  the  load  W,  is  1.142  in. 

TABLE  I. 
Deformation  of  Simple  Truss  for  W  =  20,000  Lb. 


X 

a 

3 

4 

5 

6 

7 

Member. 

Area,  A, 
Sq.  In. 

Stress,  S*, 
Lb. 

Leoffth,  L, 

A     £' 

1/ 

A'E     ' 

fl-l 
1-3 
1-2 
2-b 
2-3 

2.00 
2.00 
2.00 
2.00 
2.00 

+  28,000 

—  22,000 

—  20,000 
-h  28,000 

—  22,000 

400 
320 

400 
320 

+  0.187 

—  O.I  17 

—  0.048 
+  0.187 

—  O.II7 

—  1.42 

-h  2.20 
4-  2.00 
-1.42 
+  2.20 

—  0.266 

—  0.257 

—  0.096 

—  0.266 

—  0.257 

L 

-  =  —  1. 142  in. 
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(2)  The  stresses  in  the  framework  due  to  stress  Si  »  unity,  are  then  calculated. 
It  was  not  convenient  to  use  a  unit  load  and  a  stress  of  Si  =  10,000  lb.  was  taken,  and 
the  stresses  U  in  each  member  were  then  equal  to  the  calculated  stresses  divided  by 
10,000.    The  stresses  in  the  members  due  to  ^i  »  10,000  lb.  are  called  S'\    The  stresses 

0  IOO(Xf 


Sca/e  of  Stresses 


(b) 


Fig.  3, 


S"  for  each  member  are  calculated  in  (6),  Fig.  3,  by  graphic  resolution,  and  are  given 
in  column  3,  Table  II.  The  stress  (17)  in  each  member  due  to  a  stress  of  unity  in  the 
horizontal  tie  are  equal  to  stress  S"  divided  by  10,000  and  are  given  in  column  6.  The 
deformation  of  the  frameworlc  for  iSi  =  10,000  lb.  is  0.880  in.  The  deformation  of  the 
tie  3-c  for  a  stress  of  10,000  lb.  will  be  0.384  in. 

TABLE  II. 
Deforbcation  of  Simple  Truss  for  Si  »  10,000  Lb. 


I 

a 

3 

4 

5 

6 

7 

Member. 

Area,  A, 
Sq.In. 

Strew,  5", 
Lb. 

Leoffth,  L, 

^.^X  10.000. 

U 

^^X  10,000. 

a-i 
1-3 

1-2 

i-3 

2.00 
2.00 
2.00 
2.00 
2.00 

-  14,200 

-h  22,000 

4-  20,000 

-  14,200 
+  22,000 

400 
320 

144 
400 

320 

-0.09s 
■f  0.II7 
+  0.048 
-0.095 
+  0.II7 

-1.42 
-f  2.20 
-f  2.00 
-  1.42 

-h  2.20 

0.13s 

0.2S7 
0.096 

0.13s 

0.2S7 

Z  -7-=r  X  10,000  «  0.880  in. 

3-^ 

0.50 

—  10,000 

576 

-  0.384 

—  I.OO 

0.384 

«   _           -  I.I42 

?.               n  <W>  1^                                                               I 

'        0.880          0.384  • 

10,000      10,000 

>1  —         9,000  1 

v. 

(3)  Now  the  deformation  of  the  framework  will  be  equal  to  the  deformation  of 
the  tie.  The  total  deformation  will  be  equal  to  deformation  of  the  tie  for  a  stress  of 
one  lb.,  plus  the  deformation  of  the  framework  for  a  stress  of  one  lb.,  both  multiplied 
by  the  true  stress  in  the  tie;  and  from  equation  (7)  the  true  stress  will  be  equal  to  the 
deformation  of  the  framework  divided  by  the  sum  of  the  deformation  of  the  frame- 
work and  tie  for  a  force  of  one  lb.,  and 
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0.880 
10,000"" 


0.384 
10,000 


The  stresses  in  the  two-hioged  arch  with  a  stress  of  Si  =  —  9,060  ]b.  in  the  tie, 
have  been  calculated  in  (b),  Fig.  4,  by  graphic  reeolutioc.  The  stresses  in  the  members 
of  the  two-hinged  arch  may  be  calculated  algebraically,  by  adding  alget^raically  the 


3c$/e  (/Stresses 
Fig.  4. 

in  Table  I  to  the  stress  V  X  9,060  for  the  corresponding  member  in  Table  I. 
mple  the  stress  in  member  a-\  in  the  two-hinged  arch  =  +  28,000  —  1.42 
=  +  15,150  lb. 

TABLE  III. 
Deformation  of  Feamework. 


. 

J 

4 

5 

6 

7 

Men*.. 

^i."- 

'"S^'- 

Lciiglh.  L. 

S-L 

■aTe- 

U 

'S- 

1-3 
1-1 

1.00 
J.00 

+  is.iso 

-  >,9<» 

-  15.150 

400 
320 
144 
400 
310 

+  0.101 

IS 

-  1.4a 

+  1.M 

+  ».oo 

- 1.41 

+  1,10 

—  o.(m6 

—  o.(m6 

^    AE 

^--0.348 

'■3- 

j-c 

0.50 

-9,060 

576 

-0.348 

-1.00 

+  0.348 

The  deformation  of  the  framework  has  been  calculated  in  Table  III.  It  will  be 
seen  that  the  deformation  of  the  framework  is  equal  to  the  deformation  of  the  tie,  which 
checks  the  solution. 

Problems. — For  additional  problems  showing  detail  calculations  for  the  calculation 
of  the  stresses  in  statically  indeterminate  framed  structures  by  the  Method  of  Algebraic 
Summation,  see  Chapters  XX,  XXI  and  XXII. 

STRESSES  IN  A  FRAMEWORK  WITH  ONE  REDUNDANT  MEMBSR. 
Method  of  Work.— The  framework  in  (a),  Fig.  5,  carries  a  load,  P  =  20,000  lb.    The 
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TABLE  IV. 
Calculation  op  Work  Equations  for  P  =  20.000  Lb. 


Member. 


5i 
St 
Sz 
5« 


a 

1           3 

Area  /I, 
Sq.  In. 

.    I-en«th. 
L,  In. 

2.00 

120 

2.00 

I20 

2.00 

I20 

2.00 

170 

Stress  5,  in 
Terms  of  5». 


— P  —  o.yoySi 

—  0.70755 

—  o.707Si 

I.4I4P  +  S6 


-  u. 


-0.707 
-0.707 
-0.707 

-|-  I.OOO 


Ar£  ==  ^■ 


500,000 

I 

500,000 
I 

500,000 
500,000 


»•«  (I) 


0.707 


500,000 


(P  +  0.707S&) 


0.500 

500,000 
0.500 

500,000 


Sb 


2.00 

500,000 


(P  +  0.707SO 


dSi  \dSj      ''        500,000  500,000 


Ss 


2.00 


170 


S» 


-f  i.oo 


I-4H 
500,000 


—  Vi  —  OS 

500,000 


2.707    p  _j_  J^  ^^  ^  j^  S»  «  o;  5.  -  -  0.625P  =  -  12,500  lb. 


500,000  500,000  500,000 

If  member  Ss  is  rigid  the  second  value  in  column  7  is  zero,  and 

iS.^+i^'*  +  S^''  =  ^'        S.  .  -  0.707P  =  -  .4..^  lb.  =  -  & 


area  of  each  member  is  A  =  2  sq.  in.     The  framework  would  be  stable  with  either 
member  AD  (Si)  or  member  CB  (Sa),  and  has  therefore  one  redundant  member. 


(b) 


I'lG.   5. 


Solution. — Replace  the  member  AD  by  the  stress  in  the  member  &,  which  will  be 
calculated  later.  Then  calculate  the  stresses  in  the  remaining  members  in  terms  of 
the  stress  in  ^5.     The  stresses  in  the  members  are  given  in  Table  IV,  column  4.    The 
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derivative  of  the  stress  in  each  member  with  reference  to  St  is  given  in  column  5.    The 

deformation  in  each  member  for  a  stress  unity,  is  B  =  L/A  *  E,  where  L  =  length  of  the 

member  in  in.,  A  =  area  of  cross-section  of  member  in  sq.  in.,  and  E  =  30,000,000 

dS 
=  modulus  of  elasticity  of  steel.     Now  if  S^  is  assumed  as  unity,  then  t^  ~  £/,  and 

dbg 

the  stresses  in  column  5  are  the  stresses  in  the  members  due  to  a  stress  of  unity  acting 


I 


~/oY' 


^ 2o'.o'. ^§. 


«^ 


Fia.  6. 


in  place  of  St.  ■  The  derivative  of  the  work  of  each  member  with  reference  to  S\,  will  be 

(dS  \ 
"  B-S'  I  —  1  =  Aj/i  =  the  deformation  of  the  structure  in  line  of  member  St,  due 

to  stress  of  S. 

The  sum  of  the  values  in  column  7  is 


dW 
dSt 


^r.  «/'<i'S  \  2.7 


707     ^        2.914    „ 
000       ^  500,000    • 


(9) 


Now  the  deformation  of  St  for  a  stress  of  St  lb.  is 

1.414 

St  =  -  yi 


(10) 


600,000 

Solving  equations  (9)  and  (10)  for  St  gives 

^6  =  -  0.625P  =  -  12,500  lb. 

If  the  member  S2  is  rigid  the  second  value  in  column  7  is  zero,  and  solving  as  above 

&  =  -  0.707P  =  -  14,140  lb.  =  -  S4, 

stresses  Si  and  St  being  equal,  as  they  should  be. 

Since  the  modulus  of  elasticity,  Ej  cancels  out  in  the  calculations,  a  value  of 
E  »  unity  may  be  used  and  the  work  shortened. 
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STRESSES  IN  A  FRAMEWORK  WITH  TWO  REDUNDANT  MEMBERS.— 

The  framework  in  Fig.  6  would  be  stable  with  either  of  the  diagonal  members  in  each 
panel,  and  therefore  has  two  redundant  members.  The  framework  is  statically  deter- 
minate for  external  forces;  Ri  =  20,000  lb.,  and  Rt  =  10,000  lb. 

To  calculate  the  stresses  in  the  redundant  member  ,  replace  the  truss  members 
by  stresses  Si  and  St,  respectively,  and  solve  for  the  unknown  stresses.  In  Table  V 
the  stresses  in  the  members  of  the  framework  in  terms  of  Si  and  S2  are  given  in  column  4; 
dS/dSi  =  (7,  and  dS/dSi  =  U'  are  given  in  columns  5  and  6,  respectively;  values  of 
LI  A  'E  =  Batq  given  in  column  7 ;  values  of  B  •  S(dSldSi)  in  column  8  and  B  •  S(dS/dSt) 
in  column  9.     Now  the  sum  of  column  8  is  equal  to  the  displacement  in  line  of  member 

2.83 

Si  =  iji;  also  1/1  =  —  g/winnn  ^i'    '^^®  s^™  ^^  column  9  is  equal  to  the  displacement 

500,000 

4.47 
in  line  of  member  S2  =  yi;  also  yi  =  —  17^7;;;^  St.    Equating  the  values  of  j/i  and  yj, 

500,000 

and  solving  we  have 

8.1605i  +    0.317S,  =  -  100,000  (11) 

0.317^1  +  14.140iSf2  =  -  171,400  (12) 

Multiply  (11)  by  14.14/0.317,  and 

370,0005i  +  14.140iSa  =  -  4,500,000  (13) 

and  subtracting  (12)  from  (13)  we  have 

369,683iSfi  =  -  4,328,400  lb. 
iSi  =  -  11,800  lb. 

also 

^j  =  -  11,400  lb. 

Substituting  in  column  4,  Table  V,  gives  St  =-+  16,480  lb.,  and  ^8^9  =  +  10,933  lb. 
The  detail  calculations  may  be  simplified  by  taking  E  =  unity. 

STRESSES  IN  A  FRAMEWORK  WITH  THREE  REDUNDANT  AIEMBERS. 

— For  the  calculation  of  the  stresses  in  a  trestle  bent  with  three  redundant  members, 
see  Problem  6,  Chapter  XXII. 

STRESSES  IN  STIFF  FRAMES.— The  stresses  in  stiff  frames  are  calculated  by 
the  Method  of  Area  Moments  in  Chapter  XVII,  and  by  the  Method  of  Slope  Deflec- 
tions in  Chapter  XVIII.  The  stresses  in  the  portal  with  pin-connected  columns  in  Fig. 
12,  Chapter  XVII  may  be  calculated  by  the  Method  of  Work  as  follows: 

The  total  work  of  deformation  will  be 
If  the  frame  is  free  to  move  horizontally  at  D,  the  movement  will  be 


dH  h         E-I        "  Ja      El 


(15) 
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Now  apply  one  lb.  horizontally  at  D,  and  the  distance  that  the  frame  will  be  brought 
back  will  be 

A  horizontal  thrust  H  will  bring  the  point  D  back  to  its  original  position,  and 

» 

A = ff  r^^^i^  (17) 


J  A    E-I 


Equating  equations  (15)  and  (17),  and  solving 


A      EI 


«.  -  -  -,  "    '  ,  Ak-¥)  (20) 


B  =      \n\\  (18) 

This  solution  is  the  same  as  the  Area  Moment  Solution  in  equation  (53),  Chapter  XVII. 

STRESSES  IN  CONTINUOUS  GIRDERS  OF  TWO  SPANS— The  stresses  in 
continuous  girders  may  be  calculated  by  algebraic  or  by  graphic  methods. 

Constant  Moment  of  Inertia. — Algebraic  Method, — Appl3ring  the  theorem  of  three 
moments  given  in  equation  (36),  Chapter  XIV,  the  following  values  are  derived  for  the 
reactions  for  a  single  load  P  on  the  first  span  of  a  girder  with  spans  U  and  U, 

P'll^ 

2l'i 
Rt^  P  -Ri-Rz  (21) 

For  equal  spans  h  ^  h  =  I 

Ri  =  iP(4  -  6A;  +  Jfc»)  (23) 

R2  =  |P(3A;  -  k*)  (24) 

fi.  =  -  iP{k  -  A;*)  (25) 

Applying  the  theorem  of  three  moments  given  in  equation  (41),  Chapter  XIV, 
the  following  values  for  the  reactions  are  derived  for  a  uniform  load  w  covering  the  entire 
first  span  of  a  girder  with  spans  h  and  h. 

Ri  ^  iw'hl  )  (26) 

Rz^  -'iw'lMh  +  h)l2  (27) 

fij  =  W'li-  Ri-  fii  (28) 

Ri  =  7w'l/16  (29) 

Rt  =  5w'l/S  (30) 

fi,  =  -  W'l/16  (31) 

For  a  girder  with  both  spans  loaded  Ri  =  Rz  ^  3ti7*Z/8,  and  Rt  =  5w'l/4. 


For  equal  spans  h  =  1%  ^  I 
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Having  calculated  the  reactions  the  shear  and  the  moment  at  any  point  may  be 
calculated  in  the  same  manner  as  for  simple  beams. 

Graphic  Method. — For  a  method  by  means  of  influence  diagrams,  see  Chapter  XIV. 

Variable  Moment  of  Inertia. — The  stresses  in  a  continuous  girder  of  two  spans  with 
variable  moment  of  inertiaare  calculated  by  area  moments  in  Problem  2,  Chapter  XXII. 

STRESSES  IN  A  CONTINUOUS  GIRDER  OF  THREE  SPANS.— Continuous 
girders  of  three  spans  when  used  for  draw  spans  usually  have  the  end  spans  equal,  I  '=  l,^ 
and  the  middle  span  =  n^. 

Constant  Moment  of  Inertia. — Algebraic  Method. — Applying  the  theorem  of  three 
moments  in  equation  (36),  Chapter  XIV,  the  following  values  for  the  reactions  are 
obtained  for  a  single  load  P  in  the  first  span. 

/2i  =  P(l  -ifc)  -?4;^^(*-^)  (32) 

N 

B,  =  p.  A;  +     ^       J"       P(k  -  A»)  (33) 

ri'N 

fl,,-2  +  3»  +  »'p(fe-ifc.)  (34) 

n-N 

R*  =  ^P(fc  -  A^)  (35) 

m 

where  AT  =  4  +  8n  +  3n*. 

For  a  uniform  load  w  extending  over  the  entire  girder,  from  (41),  Chapter  XIV, 

_igtr3+6n-n'1 
Rr-B.-—  [     2  +  3n     J  ^^®^ 

wl[5  +  lOn  +  6n'  +  n'l 

Having  calculated  the  reactions  the  shear  and  the  moment  at  any  point  may  be 
calculated  in  the  same  manner  as  for  simple  beams. 

Graphic  Method, — For  a  method  by  means  of  influence  diagrams,  see  Chapter  XIV. 

Variable  Moment  of  Inertia. — The  stresses  in  a  continuous  girder  of  three  spans 
with  a  variable  moment  of  inertia  are  calculated  by  area  moments  in  Problem  3,  Chap- 
ter XXII. 

STRESSES  IN  CONTINUOUS  TRUSSES.— Continuous  trusses  of  two  or  three 
spans  are  the  most  common  and  these  two  cases  only  will  be  discussed. 

Approximate  SoltUion. — By  assuming  that  the  trusses  have  a  constant  moment  of 
inertia,  the  reactions  may  be  calculated  in  the  same  manner  as  for  girders.  The  stresses 
calculated  on  the  assumption  of  a  constant  moment  of  inertia  are  sufficiently  exact  for 
the  preliminary  design.  Having  made  the  preliminary  design,  the  reactions  should 
be  calculated  by  calculating  the  deformations  of  the  members  of  the  truss,  all  but  two  of 
the  reactions  being  considered  as  redundant. 

Cdlctdation  of  True  Reactions, — For  the  dead  load  and  for  a  full  live  load,  the 
redundant  reactions  may  be  calculated  by  the  methods  explained  above  for  structures 
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with  one  redundant  member  and  with  two  redundant  members.  For  maximum  live 
load  stresses,  influence  diagrams  similar  to  those  constructed  for  a  continuous  girder  in 
Chapter  X  V  should  be  used. 

CONTINUOUS  TRUSS  OF  TWO  SPANS.— Having  made  a  preliminary  design 
based  on  approximate  values  of  the  reactions  calculated  for  a  continuous  girder  with  a- 
constant  moment  of  inertia,  the  true  reactions  for  maximum  and  minimum  stresses 
due  to  dead  and  live  loads  may  be  calculated  by  the  influence  diagram  method. 


Fig.  7. 

The  influence  diagram  in  (6),  Fig.  7,  may  be  calculated  by  several  different  methods. 

(a)  Method  of  Algebraic  Summation. — To  calculate  deflection  c,  apply  a  unit  load 
in  line  with  Bt  (As  =  unity)  and  calculate  the  deflection  c  by  means  of  equation  (6). 
To  calculate  deflection  ma,  assume  a  unit  load  acting  in  line  with  P,  and  calculate  the 
stresses,  Ut,  in  all  members.  Also  assume  a  unit  load  acting  in  line  with  R^  and  calcu- 
late stresses,  U,  in  all  members.  Then  from  equation  (3),  ma  =  2{Ui-U'L/A'E). 
Also  calculate  mi  by  placing  a  unit  load  in  line  with  mi,  and  also  a  unit  load  in  line 
with  Rt  and  substitute  in  equation  (3).  Now  by  applying  Maxwell's  theorem  it  will  be 
seen  that  with  a  unit  load  at  the  first  joint,  mi  =  deflection  in  line  with  Rt;  with  a 
unit  load  at  the  second  joint,  ms  =  deflection  in  line  with  Rz,  etc. 

(6)  Method  of  the  Williot  Diagram. — Apply  a  unit  load  in  line  with  /^j,  calculate 
the  stresses  in  the  members  due  to  the  unit  load,  and  construct  a  Williot  diagram  and  an 
influence  diagram  as  in  Fig.  11,  Chapter  XV. 

(c)  Method  of  Elastic  Weights. — Apply  a  unit  load  in  line  with  R2,  calculate  the 
stresses  in  the  members  due  to  the  unit  load,  and  calculate  the  deflections  of  the  loaded 
chord  as  shown  in  Table  I  and  Fig.  17,  Chapter  XV,  and  in  Problem  9,  Chapter  XXII. 
The  method  of  the  Williot  Diagram  is  the  shortest  method,  while  the  method  of  Elastic 
Weights  is  capable  of  the  greatest  precision  and  should  be  used  for  large  structures. 
For  a  symmetrical  truss  mi  =  rii  and  ma  =  nj. 

Having  constructed  the  influence  diagram  by  one  of  the  above  methods,  the 
center  reaction  for  a  unit  load  at  a  joint,  by  Maxwell's  Theorem  will  be 

R2  =  m2lc  (38) 

and  for  a  load  P  the  center  reaction  will  be 


R2  =  P'mt/c 


(39) 
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The  influence  diagrams  for  moment  and  for  shear  may  be  calculated  in  the  same 
manner  as  for  a  girder  with  two  spans  as  given  in  Fig.  25^  Chapter  XIV. 

CONTINUOUS  TRUSS  OF  THREE  SPANS.— Having  made  a  preliminary  de- 
sigh  based  on  approximate  values  of  the  reactions  calculated  as  for  a  continuous  girder 
with  a  constant  moment  of  inertia,  the  true  reactions  may  be  calculated  by  the  influence 
diagram  method. 

Assume  that  the  reactions  Rt  and  Ri  are  not  acting  and  that  the  truss  is  sup- 
ported at  Ri  and  Rt.  Now  assume  a  unit  load  acting  in  line  with  Rt  and  calculate  the 
influence  diagram  for  Rt  in  (h).  Fig.  8,  by  the  method  of  algebraic  summation,  the 
method  of  elastic  weights  or  by  the  Williot  Diagram,  as  described  for  a  continuous  truss 
of  two  spans. 

Also,  with  a  unit  load  acting  in  line  with  Rt,  calculate  the  influence  diagram  for 
Rz  in  (c),  Fig.  8. 

Now  in  influence  diagram  for  Ri  in  (c)  a  unit  load  in  line  with  P  will  produce  a 
deflection  nit  in  line  with  Rt,  and  a  unit  load  in  line  with  Rt  will  produce  a  deflection  k  in 
line  with  R^,  also  a  unit  load  in  line  with  Rt  will  produce  a  deflection  c.  From  Maxwell's 
Theorem 


Fig.  8. 

Rt'C  +  Rt'k  -  P'tnt  =  0 
Also  in  like  manner  in  (c), 

Rt'c'  +  Rt'k'  -  P-mt'  =  0 
Now  let  kjl^  =  g. 

Multiply  equation  (41)  by  g,  and 

Rt'c'g  +  Rz'k'-g  -  P-mt'-g  =  0 
Subtract  (42)  from  (40)  and 

P(fnt  —  ntt-g) 


«,= 


In  like  manner  let  c/(/  »  h  and 


fi,  « 


c  —  c^'g 
Pinit  —  tnt'h) 


(40) 
(41) 

(42) 
(43) 

(44) 


Jb  -  k'-h 
-^ving  calculated  the  reactions  moments  and  shears  may  be  calculated  by  statics. 


CHAPTER  XVII. 
Stresses  in  Stiff  Frames  bt  Area  Moments. 

Introduction. — In  this  chapter  the  stresses  in  stiff  frames  due  to  rigidity  of  the 
joints  will  be  calculated.  It  will  be  assumed  (1)  that  the  members  have  large  sections 
and  that  the  distortions  due  to  direct  stresses  are  small  and  may  be  neglected;  (2)  that 
the  joints  are  perfectly  rigid,  and  (3)  that  deformations  due  to  shear  are  zero. 

GENERAL  SOLUTION. — A  general  solution  using  the  principles  of  area  moments 
will  first  be  developed.    Formulas  for  several  particular  cases  will  then  be  calculated. 


Let  it  be  required  to  find  the  stresses  in  a  quadrangular  frame  carrying  some  loading 
such  as  shown  in  Fig.  1. 

Consider  an  unloaded  member,  such  as  the  upper  member  in  (/),  Fig.  1,  as  cut  at 
the  center  and  equilibriate  the  stresses  which  are  at  this  section  by  a  direct  stress,  a 
shearing  stress,  and  a  bending  moment. 

Calculate  the  horizontal  distance  between  the  cut  ends,  the  vertical  distance,  and 
the  difference  in  slope  of  the  tangents  at  the  cut  ends,  first  for  the  internal  stresses  and 
then  for  the  loads  only.  Since  the  cut  ends  must  stay  together  and  have  a  common 
tangent,  the  total  horizontal  distance,  the  total  vertical  distance,  and  the  total  differ- 
ence in  slope,  must  each  equal  zero. 

There  are  then  three  equations  with  which  to  determine  the  three  unknown  quan- 
tities at  the  cut  section.  After  these  quantities  have  been  determined  the  stresses  at 
any  other  section  can  be  found  by  simple  statics. 
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Nomenclature: 

I  =s  width  of  frame  at  the  neutral  axis. 

k  »  height  of  frame  at  the  neutral  axis. 

Vof  Hq,  and  Mo  =  shear,  direct  stress  and  moment  at  cut  section,  respectively. 

Iq,  7i  and  It  =  moments  of  inertia  of  members  as  designated  on  diagrams,  7o 
always  being  for  the  cut  member. 

Xfff  Xy,  x^  =■  horizontal  distances  between  cut  ends  due  to  Hfi,  Vo,  and  Afo,  re- 
spectively. 

Vhi  Vvf  Vm  ~  vertical  distances  between  cut  ends  due  to  Ho,  Vo,  and  Mo,  respec- 
tively. 

^Hf  ^Vf  ^M  ~  angles  between  tangents  at  cut  ends  due  to  Ho,  Vo,  and  Mo,  re- 
spectively. 

jTjr,,  yj^y  4>i^  =  corresponding  quantities  due  to  external  loads. 

M^,  My,  M^  ^  moments  in  structure  due  to  Ho,  Vo  and  Mo,  respectively. 

Mi^  =  moments  in  structure  due  to  external  loads. 

Ci,  Ct,  Cz,  Ci,  Ch  =  constants  depending  on  dimensions  of  frame  and  are  inde- 
pendent of  the  loading. 

Aff  »  Area  of  bending  moment  polygon  for  horizontal  member  for  external  loads 
only. 

Ay  ^  Area  of  bending  moment  polygon  for  vertical  member  for  external  loads  only. 

X  »  horizontal  distance  from  cut  section  to  centroid  of  A^. 

y  =  vertical  distance  from  cut  section  to  centr6id  of  Ay. 

For  areas  and  centroids  of  moment  diagrams,  see  Fig.  12,  Chapter  XIV. 

Fundamental  Equations. — From  equation  (14c),  Chapter  XV,  the  deflection  at 
any  point  in  a  beam  or  girder,  straight  or  curved,  will  be 


-r 


M-m'ds 
EI 


where  m  »  moment  at  any  point  in  the  structure  due  to  a  unit  load  at  the  point  and 
in  the  line  in  which  the  deformation  is  to  be  measured.  For  the  frame  in  Fig.  1,  to 
calculate  the  horizontsd  distance  between  the  cut  ends,  apply  a  horizontal  unit  load  on 
each  cut  end  at  the  point,  and  m  =  y;  to  calculate  the  vertical  distance  between  the 
cut  ends,  apply  a  vertical  unit  load  on  each  cut  end,  and  m  ^  x\  for  the  rotation  of  the 
cut  ends,  apply  a  unit  moment  at  the  cut  ends  (see  equation  (39),  Chapter  XV),  and 
m  ==  unity.  (For  another  proof  of  these  equations  see  the  author's  "  Design  of  Highway 
Bridges  of  St^l,  Timber  and  Concrete,"  Chapter  XXIII.) 

The  horizontal  distance  between  the  cut  ends,  the  vertical  distance  between  the 
cut  ends,  and  the  angle  between  the  tangents  at  the  cut  ends  are  as  follows: 

The  horizontal  distance  between  the  cut  ends  due  to  a  given  loading  is 

M'V 
Xi  =  S— Jd«  (1) 

where  M  —  the  moment  at  any  point  due  to  the  given  loading. 

The  vertical  distance  is 

M'X 
yx^-L^—da  (2) 
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The  angle  between  the  tangents  at  the  cut  ends  is 

M 


il>  ^X 


EI 


da 


(3) 


These  equations  may  be  written  as  follows;   and  may  be  equated  to  zero  since 
the  cut  ends  must  stay  in  contact  and  the  member  must  be  continuous: 


Mb'V  Mv'V  Mmg"U  Mt'V 


yi^yH+  yv+VM+VL'^^ 


EI 
EI 


ds  +  X 


EI 

My'X 


da  +  X 


EI 

M^'X 

'Wi 


(i«  +  S 


EI 

Mj/x 
EI 


ds^Q 


Mb  My  Mm  Mr 


EI 


EI 


EI 


EI 


(4) 


(5) 


(6) 


N'h>- 


Vol.- 


Hlnti 


■^ 


I 


t 


4- 


-^-//'/7 


^^-^Vo 


tm 


K-  - 

J, 


mm 


Fig.  2. 


Fig.  3. 


Deflections. — Deflections  due  to  Ho- — The  bending  moments  and  deflections  due 
to  Ho  are  shown  in  Fig.  2. 

Taking  moments  about  the  cut  section  in  Fig.  2. 

M^-y  ,      Ho'h'h     2.       Ho-hl     ,       Ho'h^t2Ii        \      Ho'h* 


where 


_  Ma'X 


by  symmetry. 


(8) 


(9) 


(10) 


where 


Ci  =  hy+l 


(11) 
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Deflections  due  to  V^. — The  bending  moments  and  deflections  due  to  7o  are  shown 
in  Fig.  3.    Taking  moments  about  the  cut  section  in  Fig.  3. 


My'V 


(12) 


by  symmetry. 


yy  = 


i2£;/i 


Ct 


where 


C-ir^+GAr^  +  Z 
io  if 

My 


(13) 


(14) 


(16) 


by  symmetry. 

Deflections  due  to  Mo. — The  bending  moments  and  deflections  due  to  Mo  are  shown 
in  Fig.  4.    Taking  moments  about  the  cut  section  in  Fig.  4. 


Mor 


K"-- 


'01 

I 


I 


I 


-\/jt, 


jiMinrN 


-> 


-_i 


^^'Mn 


FiQ.  4. 


Fig.  5. 


x^^i:-^--ds 
where  in  (11) 


2Mo-A      h      M 
—  ^  -  4-  — 


t:— f7:(4>0- 


Mo'h 
Ell 


XCi 


(16) 


Ct^ky  +  l 
Mjif-z 


(17) 


(18) 


by  symmetry. 
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^Mm  Mo'l      2Mo-A      Mo'l       Mo  /  /i        . /i      ,\       Mo      ^     ,     , 


where 


C,~lY  +  2hy^+l  (20) 

iO  it 


DeflectiofiB  due  to  any  external  loading. — The  deflections  and  bending  moments  due 
to  any  loading  on  the  bottom  member  and  on  the  right  side  are  shown  in  Fig.  5.  Taking 
moments  about  the  cut  section  in  Fig.  5. 


^Mr-y  Ab  ,  Av  Ao  ,  Ay  I\ 


^iAa-h  +  Ay^-Ct) 


(21) 


where 


C,  =  Y  (22) 

is 

^Mt'X    ,  Aa  A^    ^^l  An  Ay  I  7l 


Ml,  Ag  Ay  Ag  Ay  l\  1 


(23) 


SoltUion  for  Internal  Stresses  Ho,  Vo  and  Mo.— From  (4),  (7),  (12),  (16),  and  (21) 
Ho'h*      ^  Mo'h  As       ,        Ay 

Ho-  "■^^'(Mo'h'Ct  +  As'h  +  Ay'ii'C,)  (25) 

From  (6),  (10),  (16),  (19),  and  (24) 

Ho'h      ^       ^        Mo        ^         As         Ay        ^ 

H«  =  -  77^;  •  (M«-  C«  +  As  +  ily.  C.)  (26) 

From  (25)  and  (26) 

ilir(Ci  -  C)  +  Ay. C,  (  C,  -  C,.  I )  ^2^^ 


'JM 


trntBasEH  ts  wrm  fhames  bt  area  momeveSl   cm»r.  xm. 


Vr*tm  (26/  Mod  <2I) 


''•--cvA ' 


Cf  -  C,C4 


+  A, 


+  Ar-CtJ 


^    A^Ct  -  C)  +  A^cAct  -  c«- 1  j 


(28) 


A  CV  -  CxCt 

rrom  (h),  (9),  aZ),  (18)  and  (23) 


«    .      V*'^         ^  Ag  Ay        I 


V,--  ~^(2As'i  +  Ay'lCt) 


(29) 


8lre»u$  at  any  Sedion. — After  the  values  of  F«,  H»  and  M»  have  been  determined 
the  NtrMMCff  at  any  neetion  can  be  found  by  simple  statics. 


I.  '(^h  I" 


*Ho       f     Ho 


I> 


z 


s    aP        b 
-><--f----->\ 


t: 


A^lJyifllji^A-^ 


Fio.  6. 


Fig.  7. 


Frame  with  Concentrated  Loads  on  Bottom  Member. — A  rigid  frame  with  a  single 
oonQtMitrntod  load  on  the  lower  member  is  shown  in  Fig.  6. 
The  bending  moment  under  the  load  is 

Pah 


M 

Pah      I       Pah 


I 


0; 


a-6 
6 


*>om  (27) 


^*         2      ^C,«-CiC4 


(30) 
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From  (28) 


From  (29) 


For  several  loads 


II        -^"'^-^      ^'"^^  (31) 

V. pT^  ■  (36) 

Frame  with  Concentcated  Loads  on  Top  Member. — A  rigid  frame  with  a  single 
concentrated  load  on  the  top  member  is  shown  in  Fig.  7. 

If  the  load  in  Fig.  6  be  reversed  in  direction,  the  deformations  and  stresses  will  be 
reversed,  and  if  the  whole  system  be  rotated  180°  the  case  shown  in  Fig.  7  will  result. 
Equations  (34)  (35)  and  (36)  may  then  be  written 

XP-a-h         Ci  -  Ct 
SP-a-6  Ct  "  Ci 

Vo  = ^ (39) 

Frame  with  Uniform  Load  on  Bottom  Member. — A  frame  with  the  bottom  member 
uniformly  loaded  is  shown  in  Fig.  8. 

The  bending  moment  at  the  center,  A^f  Ay,  and  x  are 

M  =  -wP;        As'^j^W'P;        ^i,  =  0;        z  =  0 

W^  C2  -  C4 

From  (29) 

70  =  0  (42) 

Frame  with  Uniform  Load  on  Top  Member. — A  rigid  frame  with  top  member 
uniformly  loaded,  is  shown  in  Fig.  9.  For  reasons  given  in  solving  Fig.  7,  the  signs  of 
formulas  (40),  (41),  and  (42)  are  changed  for  this  case. 


From  (27) 


From  (28) 
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M  0  =  - 


H.  = 


12   ^  Ct»  -  C,-C4 
wP         C,  -  C« 


X 


\2h      Cf  -  Ci-Ci 


Fa  =  0 


(43) 


(44) 
(46) 
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--t 


M=iwl^ 


8 


-> 


L> 


lo    Mo 


^"UT^i^.l^ 


M^gwl' 


^^fiH. 


Fio.  8. 


Fig.  9. 


Frame  with  Concentrated  Loads  on  Side  Member. — A  rigid  frame  with  a  single 
load  on  one  side  is  shown  in  Fig.  10. 
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Fig.  10. 


il»  = 


P-d-Z 
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Fio.  11. 


9-h-- 


From  (27) 


^'°2(C^-C.Co[^^^--^-^+K^'~^-(^-3li))^']        <^^ 
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From  (28) 
From  (29) 


2h{Cf 


^) •  b^* - ^') +K''' -""'i' -fO)^']  ^''^ 


Pd 


For  d  =  A 


M.  = 


Ho  = 


Ph 


2(C,»  -  C-Ci) 

P 
2(C.»  -  CfCi) 


C,J 


[i(C,  -  C)  +  A(Ci  -  f  C.)Ci] 


[KC,  -  C4)  +  A(C,  -  |C4)C,i 


(48) 


(49) 


(50) 


Ph 

F9  =■  -  Pi— ,  (I  +  SA-C.) 


Cfl 


// 


B      I, 


h 


A 


1 1  •  1 1 1 1 1 1 1 1 1 1 1 1 1 1 


lilll  II  XiUiiiUiA^ 


(3) 


Fio.  12. 


Frame  with  Pin-comiected  Ends. — ConcerUrated  Load, — The  stresses  in  the  frame 
in  (a)  Fig.  12  may  be  calculated  by  means  of  formulas  (37),  (38)  and  (39)  as  deduced 
from  Fig.  7,  by  assuming  that  /o  is  zero. 

Now 


2     7i       , 

C.  =  A  7  +  J 

ii 

C,  =  ly  +6hy  +1 

io  is 

Cs  =  7- 
is 


(8) 


(11) 


(14) 


(20) 


(22) 


Substituting  values  of  Ci,  Ct,  and  d  in  formula  (37)  and  making  7o  =  0,  we  have 

M«  =  0  (52) 
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Substituting  values  of  Ci,  Ct  and  d  in  formula  (38) 


H  = 


3P-0-6 


(^?f;-) 


2h'l 


(53) 


If 


jff  = 


3Pa-6 


Substituting  Cs  in  equation  (39) 


2A-Z(2Jb  +  3) 


7a  =  0 


(54) 


(55) 


The  vertical  reactions  can  be  calculated  by  moments,  and  are 


Va  = 


Vd^ 


P^ 
I 


The  values  of  H  may  be  calculated  directly  from  Fig.  12  by  area  moments  as 
follows.  The  resisting  moments  of  the  frame  are  as  shown  in  (b),  while  the  bending 
moments  due  to  the  load  P  are  as  shown  in  (o),  Fig.  12.  The  moments  of  the  negative 
moment  areas  about  the  foot  of  the  column  A  will  be  equal  to  the  moment  of  the  positive 
moment  areas,  and 

2H'hXihXih     H'K^'l    P-a-h/l  X^lXh 


It 


H  = 


ZPab 


Ix 


2^.i(2^f;  +  3) 

2k'l{2k  +  3) 


(63) 


T I  r  •  M 1 1  f  I  •  1 1  M 
I  >  ■  1 1  ■  •  •  I  ■  I  <  1 1 1 


7 


,-± 


^± 


(54) 


I  •  ,  ■!•  !, 


<d) 


FiQ.  13. 


Frame  with  Pin-connected  Ends. — Unifcrm  Loads. — ^The  stresses  in  the  frame  in 
(a)  Fig.  13  may  be  calculated  by  means  of  formulas  (43),  (44)  and  (45)  as  deduced 
from  Fig.  9,  by  assuming  that  Jo  is  aero. 


FRAME  WITH  FIXED  ENDS.  289 

Substituting  values  of  Ci,  Ct,  and  d  in  formula  (43),  and  making  /q  «  0,  we  have 

Mo  =-  0 
Substituting  values  of  Ci,  Ct,  and  d  in  formula  (44) 


where 


also  by  symmetry 

The  vertical  reactions  are 


^  "  4M2A:  +  3)  ^^^ 

jb  =  -  .  — 


70  =  0 


Va  =  Vd=  Wl 


The  value  of  H  may  be  calculated  directly  from  Fig.  13  by  area  moments  as  follows. 
The  resisting  moments  of  the  frame  are  as  shown  in.  (6),  while  the  bending  moments 
due  to  the  external  loading  are  as  shown  in  (c)  Fig.  13.  The  moments  of  the  negative 
moment  areas  about  the  foot  of  the  column  A  will  be  equal  to  the  moment  of  the  positive 
moment  areas,  and 

2H'hXhhXlh      H'hXlXh      iwt'XilXh 


It 

H  ^ 


X 


II 

Ix 

W'J} 

"(^?f:-) 

wP 

(66) 
4A(2ifc  +  3)  ^ 

Formula  (56)  may  be  obtained  from  formula  (54)  by  substituting  the  area  of  the 
moment  diagram  due  to  the  external  load,  -^^w-l^  in  Fig.  13,  for  the  area  of  the  moment 
diagram  due  to  the  external  load,  \P'a'h, 

Frame  with  Fixed  Ends. — Concentrated  Load. — The  stresses  in  the  frame  in  (a) 
Fig.  14  may  be  calculated  by  means  of  formulas  (37),  (38)  and  (39)  as  deduced  from 
Fig.  7,  by  assuming  that  Jo  is  infinity. 

Substituting  values  of  Ci,  Cs  and  d  in  formula  (38)  and  making  /q  »  oo ,  we  have 

ZP-a-h 
^«=^^=^^"  2/1.^^  +  2)  ^^^^ 

Substituting  value  of  C%  in  (39),  and  making  I^  ^  <*> 

P-a-Ha  -  b) 
^* mk  +  1)  ^^^^ 

Substituting  values  of  Ci,  Ct  and  d  in  formula  (37),  and  making  /o  =  «> 

P-a-h 

20 
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The  shear  7o  is  the  difiference  between  the  vertical  reaction  for  a  pin-connected  and  a 
fixed  column  at  A,  and 


^■--#-  ■'■- 


^^A 


Hh  '"I""  111  1 1 1 M I  i|i  ii-v  Mh 

""■■'■■ _ 


y%.- 
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B        I,        C  M: 


L 


.M, 


0 


::      h 


'z3^:t 


Mn 


(d) 


Mn 


vA"'  If)  % 


P'h 


_  P'h /6k  +  1  +g  ~  23» 


where  a/l  =  »,  and 


Vd 


I    \  6k +  1 

'6k  +  3s  - 


) 


(60) 


M 


6k  + 


r") 


(61) 


The  bending  moment  at  A  is  found  by  taking  moments  about  the  center  of  the  base,  and 

Ma  =  Mo  +  ^Vo'l 


and 


Md 


Pah /5k  -.1  +28(k  +  2)\ 
21     \     {k  +  2){6k  +  \)     ) 

3  +  7ik  -  2s(k  +  2) 


(62) 


Pa-hf 
'      21      \ 


) 


(63) 


{k  +  2){6k  +  1) 

Mb  ==  -  MA  +  H'h  (64) 

Mc=  -  Md  +  H'h  (65) 

Frame  with  Fixed  Ends. — Uniform  Load. — The  stresses  in  a  frame  with  columns 
fixed  at  the  base  and  carrying  a  uniform  load  of  w  lb.  per  lineal  foot  on  the  top  member 
may  be  obtained  from  formulas  (57),  (58)  and  (59).    The  value  of  the  horizontal  reac- 
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Fig.  15.    Stresses  in  Stiff  Frames  with  Pin-connected  Columns. 
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Fig.  16.    Stresses  in  Stiff  Frames  with  Fixed  Columns. 


FRAMES  WITH  FIXED  COLUMNS. 


293 


nf iiiTii'  "iiiiii       f'lg 

C 


•■•••■■■■i«i 


•  1 1 


ft  1 1..  I Ill  IVi  I •• 

D    .i-vy... 


^1. 


I, 


55fc7 


^  I,  I 


M, 


t^P    ^fe" 


« -> 


^A'zo'  nek 
^^'^^'8h(ii-k) 


^0'2o'  l*6k 

^  I,  I 


^f^W(Z*k)(Mk)     ^nzo  Q^kXhSk) 


Xo 


W*Ek 

j-t-ek 


-«=^-- 


JJbks 


c 


^    'fk:srE  Sm-sO+k)  Jk  7 


Fig.  17.    Stresses  in  Stiff  Frames  with  Fixed  Columns. 


20 


294. 


STRESSES  IN  STIFF  FRAMES  BY  AREA  MOMENTS.        Chap.  XVn. 


"f, 


yd  II I  I  ■  I  •■< I  III 

^ItlUllllllll   ^t 


y,.pn-3)     _ 

u.Pa  I,m2 

u.M(il-l5^2li+ZkU) 

"-zhi      TnW. 

M,=YAa-H^ 


If  li^Zt-i  and 
Ifa=li^i  and 

u-  PI 


Yc=  ?i' 


It 


...wimh->-kfU4li)l 
"  8hl  fhtk) 

Mt=Vclt-Hch 


"'  64h 
Both  sides  loaded 
lrlz=^3ndk=f 


3Zh 


H    ph[4l,+ka*4U)J 
""'81        0-i-k) 
HA=nh-Hr  ..  . 

Mt=Vclz-Hch 


Jf  Irk- 4  'f^ 

u  -Srtt 
""IT 


16 


Y,-.f    K,-f   >t./^ 

„.Pab[l(2*n)*a(nm 
"  ZhlHl*n+n^k(l*n')] 

Ms=-Hk    Mc=-nHh 
Mmax=¥-Hlh+\(nh-h)] 


If  a=l>'i 

"  iM  -jr 


i;5-Ji=^^    k^M 


I,m 


"  8h[l+n-hn^k(l+n^)] 


M. 


^wl^ 


!-hn\ 


^m^x'-J'-Hhi^) 


O'Zl 


"^''  Sil-hm-n^fkd'hn^)] 
HA^nh-Ho 


Hopiionlal  unlfopm 
load  on  Ygpf,  ppoj, 
of  roof 

ecrSn'kfn-fhrn^ 
-Sn^-ln-l 

Ho-nMn-O-HA 


Fig.  18.    Stresses  in  Stiff  Building  Frames. 
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Fig.  19.  Stresses  in  Stiff  Buildinq  Frames. 
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iifm  H%,  voAj  be  obc^iKd  by  feub&tituting  tbe  area  of  the  ■ioment  diacnm  doe  to  uni- 
form  load,  »  ^±vf'B  for  the  aiea  of  the  moment  area  due  to  tiK  load  P,  =  )F-a-6  in 
fomitila  (57;,  and 

Due  to  sjrmmetry  the  value  of  V%  will  be  equal  to  aero,  and  the  Ycrtieal  reactions 
are  equal,  and  are 

Vj,  =  Yd  =  W'l  («7) 

Bending  moment  Jf  •  is  equal  to  the  bending  moments  at  the  bases  of  the  eolamns; 
and  substituting  -^^w-P  for  iP'a-b  in  formula  (59),  we  have 

ic-P 

Ma^  Md  ^ (68) 

^  ^       12(i  +  2)  ^     ' 

Formulas  (66)  and  (67)  may  also  be  calculated  by  substituting  Talues  oi  Ci,  Ct 
and  C%  in  (43)  and  (44)  and  making  /«  =«  oo . 

Frame  wiUi  Vixed  Ends. — Horizontal  Load  P  ai  top  of  Columru — Substitute 
values  of  Ci,  Ct,  Cz,  Ca  and  C»,  as  given  in  (8),  (11),  (14),  (20)  and  (22),  respectively 
in  (49),  (50)  and  (51),  noting  that  /•  »  co ,  and  in  Fig.  11, 

Jf  0  =  0  (69) 

H.  =  \P  (70) 

Now  inverting  Fig.  11,  the  shear  P  in  Fig.  11  now  becomes  the  load  P  in  (8)  Fig.  17. 
Taking  moments  about  A,  since  Mo  »  0,  we  will  have 

Ma  =  -\V^'l 

---2    (6T^lj  <^2> 

-  Md 
Now 

Ma  +  Md  +  Mb  +  Mc  -  P'h  =  0 
and 

Ms^  Mc=^  iP'h  -  Ma 

Ph(     3ifc     \ 

Taking  moments  about  D^ 

Mb  +  Mc-  Va'I  =  0  (73) 

^  '^         i  V6fc  +  iy 

«  -  Fi>  (75) 

Stresses  in  Stiff  Frames. — Stresses  in  stiff  frames  with  pin-connected  columns  are 
given  for  difToront  loadings  in  Fig.  15.  Stresses  in  stiff  frames  with  fixed  columns  are 
given  for  different  loadings  in  Fi:^.  10  and  Fig.  17.  Stresses  in  several  types  of  stiff 
building  frames  are  given  in  Fig.  IS  and  Hg.  19. 
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CHAPTER  XVIII. 
Stresses  in  Stiff  Frames  by  Slope  Deflections 

Slope  Deflections. — The  moments  in  stiff  frames  may  be  calculated  by  area  mo- 
ments using  the  slopes  of  the  members  and  also  the  slope  deflections.  The  analysis  is 
based  on  the  theorem  proved  in  Chapter  XIV,  ''that  the  change  in  slope  between  two 
points  A  and  B  in  a  beam  is  equal  to  the  moment  area  between  A  and  B  divided  by  E*!. 

In  making  the  calculations  of  the  stresses  in  stiff  frames  it  will  be  assumed,  (1) 
that  the  connections  are  perfectly  rigid;  (2)  that  the  lengths  of  the  members  are  not 
changed  by  axial  stress,  and  (3)  that  the  shear  deformation  is  zero. 

Signs  of  Moments  and  Deflections. — The  moment  at  the  end  of  any  member  will 
be  positive  if  the  external  moment  at  the  end  acts  in  a  clockwise  direction.  In  the 
member  AB  the  moment  at  the  end  A  will  be  Mab,  and  at  the  end  B  will  be  Mb  a* 

The  change  in  slope  of  the  tangent  to  a  member  will  be  considered  positive  when 
the  tangent  has  turned  in  a  clockwise  direction. 

The  deflection  of  any  point  in  a  member  will  be  measured  normal  to  and  away  from 
base  line  or  line  of  original  position.  The  sign  of  deflection  will  be  considered  positive 
when  measured  in  the  same  direction  from  the  base  line  as  are  positive  slopes. 

The  bending  moment  diagrams  will  be  plotted  on  the  tension  side  of  the  member. 


\i' 


^' 


(b) 

FlQ.    1. 


No  Transverse  Loads. — The  member  AB  in  Fig.  1  is  acted  upon  by  moments  and 
shears  at  the  ends.  Let  AB*  be  the  original  position  of  the  member  AB,  and  BA'  be 
the  original  position  of  the  member  BA,  The  angles  9a  and  Bb^  and  the  distance  d 
are  negative. 

The  total  deflection  d  at  B  is  partly  due  to  the  change  in  slope  at  A,  and  partly 
due  to  flexure  of  the  member.    The  distance  d  —  ^^  *  Hs  equal  to  the  deflection  due  to 
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flexure,  and  is  the  static  moment  of  the  moment  area  between  B  and  A,  about  B,  divided 
by  ^- J,  and 

-  W  -  Oa'D  =  (+  iMAB'l  Xil"  iMBA'l  X  IDIE'I 

m 

P    /     Mab      Mba\  ... 

The  change  in  slope  of  the  member  from  B  to  A  is  0a  —  Ob^  and  is  equal  to  the  area 
of  the  moment  diagram  between  B  and  A,  divided  by  E-Iy  and 

Ba-Bb^  (+  \Mab'1  -  iMsA'DIE'I 

^^i+MAB-MsA^  (2) 

Solving  equations  (1)  and  (2)  for  Mabj  there  results 

2J57-7/  3d\ 

Mab  =  —[-[^^  +  Bb-j)  (3) 

Substituting  K  =  I /I  and  R  =  d/l,  and 

Mab  =  2E'K{2Ba  +  Bb  -  3ft)  (4) 

also 

Mba  -  2E'K{2dB  +Ba-  3i2)  (5) 

These  are  the  general  equations  for  moment  at  the  ends  of  a  member  carrying  no  trans- 
verse loads. 

« 

Transverse  Loads. — In  (a)  Fig.  2,  the  member  AB  carries  a  transverse  load  P  in 
addition  to  the  moments  and  shears  as  in  Fig.  1.  In  the  same  manner  as  above  the 
deflection  at  B  will  be  the  static  moment  of  the  moment  area  between  B  and  A,  about 
B,  divided  by  ^7. 

+  iMAB'l  Xll"  Wba'I  X  iZ  +— ^  V^  +  3  j 


+  ^-^r-  xibllE'I 


I    r.   Mab'I      Mb  A' I  .  P-a-^,  .  ^,1 


•a-^       ,.1/ 


(6) 


The  difference  in  slopes  between  B  and  A  is  equal  to  the  area  of  the  moment  areas 
between  B  and  A,  divided  hyE-I,  and 


I     (  Po-6\ 

{Ba.  -  Ob)  =  ^^(  +  M^B  -  M^a  +-|-  1 

Solving  equations  (6)  and  (7)  for  Mab,  there  restalts 


(7) 


Mab  =  2E-K{20A  +  0b  -  3B) y-  (8) 

and  also 

Mba  =  2E-Ki2eB  +  Oa  -  3B)  +  ~4—  («) 
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If  the  transverse  load  on  the  member  is  symmetrical  the  last  term  in  equations  (8) 
and  (9)  are  equal  to  Fjl^  where  F  is  the  area  of  the  moment  diagram,  and 

Mab  =  2E'K{2eji  +  ^B  -  3/e)  -  y  (10) 

F 

Mba  =  2E'K{2eB  +  ^A  -  3ft)  +  y  (11) 

For  a  load  P  at  the  center  of  the  beam,  F/l  ==  ^P'l;  for  two  loads  P  at  a 
distimce  a  from  each  end,  F/l  =  P'a(l  ^  a)/l;  for  two  loads  P  equally  spaced, 
F/l  =  2P'l/9;  for  three  loads  P  equally  spaced,  F/l  =  5P-Z/16;  for  a  uniform  load  w, 
F/l  =  -^^W'P;  for  a  triangular  load  varying  from  zero  at  the  ends  to  a  maximum  at 
the  center,  total  load  =  TT,  F/l  =  51FW/48;  for  triangular  load  varying  from  a  maxi- 
mum at  the  ends  to  zero  at  center,  total  load  =  PT,  F/l  =  W'l/16;  for  a  parabolic 
loading,  total  load  =  W,  F/h=  W-l/ 10.  These  are  the  general  equations  for  moments 
at  the  ends  of  members  carrying  transverse  loads. 

Several  problems  will  be  solved. 

For  several  transverse  loads  on  a  member  the  last  term  in  (8)  and  (9)  will  be  the 
sum  of  the  values  for  the  individual  loads,  and 

Mab  =  2E'K{2Ba  +  ^b  -  3fi)  -  2(P-a-y^)/P  (8') 

Mba  =  2E'K{2eB  +  Oa  -  3R)  +  7^(P'a*'h)/P  (9') 

Beam  Fixed  at  Ends. — Load  at  distance  a  from  left  end.     In  this  case  $a  —  0, 

Bb  =  0,  and  A  ==  0,  and 

Pa-6«  ,    , 

Mab  =  -  —^  (12) 

P'a*'b 
Mba  =  +  — p—  (13) 

For  a  load  at  the  middle  of  the  beam,  a  =  h  —  ^l 

Mab=  -Mba  ^  -\P'l  (14) 

(Moments  Mab  and  Mba  are  restraining  moments  and  both  are  usually  assumed 
as  negative,  although  acting  in  opposite  directions.) 

Beam  Free  to  Turn  at  Support,  Bending  at  other  end,  carrying  Load  P. — Let  the 

beam  AB  with  span  I  in  Fig.  2,  be  hinged  at  support  A,  have  a  bending  moment  Mba 
at  Bj  and  carry  a  load  P  at  a  distance  a  from  the  left  end  and  6  from  the  right  end. 
Substituting  Mil  B  —  0  in  equation  (8), 

0  -  2E'K{2eA  +  eB-  SB)  -  -^  (15) 

also 

Mba  =  2E'K(2eB  +  Ba  -  SR)  +  -y^  (16) 

Eliminating  0A  between  (15)  and  (16),  and 

Mba  =  E'K(ZBb  -  3B)  +  -^  (a  +  Jft)  (17) 
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Stretfes  in  a  PwtaL — The  portal  in  Fig.  3  with  columns  free  to  turn  at  the 
earries  a  load  P  at  a  distance  a  from  the  left  support. 


S  I Jl ^c \:^l± 


^i/O^^ 


H 


If 


A 


Z'-.* 


Fig.  3. 


LetX  «  I  ill  =  k'h/h  =  8'h/h. 
Now  from  Fig.  3,  it  will  be  seen  that 

Mba  +  McD  =  0 
From  equation  (17),  since  the  load  is  on  the  top  strut. 

E'K 
Mba  =  -T-  (3^B  -  SR) 


Also 


E'K 
McD  —  — r —  (3^c  —  3i2) 


9 


From  equations  (8)  and  (9),  noting  that  there  is  no  vertical  deflection, 


Mbc  =  2E'K(2eB  +  Sc)  - 


McB  =  2E'K(2dc  +  eB)  + 


P-a^'h 


Subtract  (20)  from  (19),  and  substitute  Mcd  =  -  AfcB 

k^MBA  +  8'McB  =  E'K{Wb  -  3^c) 
Subtract  (22)  from  (21)  and  substitute  Mbc  =  —  Mba,  and 


-  Mba  -  McB  =  2E'K(eB  -  ^c)  - 


P-a-b 
I 


Eliminate  {Bb  -  6c)  between  (23)  and  (24),  and 

Mba(S  +  2k)  +  Mcb(3  +  28)  = 
Now  from  (18),  since  Mcd  =  —  Mcb, 

Mba  —  McB  =  0 


SPab 
I 


(18) 


(19) 


(20) 


(21) 


(22) 


(23) 


(24) 


(26) 


(26) 
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Substitute  Mcb  from  (26)  in  (25),  and 

Mba  = 


dPa-b 


2lik  +  «  +  3) 

Now  a  H  ^  horizontal  reaction  at  A  and  Z),  then 

H-A  =  Mba 


(27) 


and 


H 


U  k  ==  s,  then 


and 


3Pa-6 

''  2h'l(k  +  8  +  3) 

M             3P-a-6 

''^  "  2l(2k  +  3) 

SPa-h 

(28) 


(29) 


2h'li2k  +  3) 


(30) 


Equation  (30)  is  the  same  as  equation  (54),  Chapter  XVII,  which  was  calculated 
by  Area  Moments. 


STRESSES  IN  A  QUADRANGULAR  BRIDGE  TRUSS.— The  quadrangular  truss 
with  a  span  21  and  depth  h  carries  a  load  P  at  the  center  of  the  truss.  The  moments  of 
inertia  of  the  members  are  as  shawn  in  Fig.  4.    The  joints  of  the  truss  are  assumed  as 


B 


B' 


^- 


// 


AfVf 


Fig.  4. 


yA^' 


■^ 


-R 


rR 


Fig.  5. 


rigid.    Assume  that 

K  =  7iA,   =  «-J,/Z  =  k'lill  =  T'IaIK 

From  the  deformed  truss  diagram  in  Fig.  5,  it  will  be  seen  that  if  the  longitudinal 
deformations  of  the  truss  members  be  neglected,  the  deflection  of  point  B  will  be  zero 
and  that  the  deflections  of  points  C  and  D  will  be  equal  to  R.  From  symmetry,  it  will 
be  seen  that  ^c  =  ^i)  =  0. 

Solution. — Take  moments  of  forces  to  the  left  of  a  vertical  section  through  C-D,  and 

Mad  +  Mda  +  Mbc  +  Mcb  +  iP-Z  =  0  (31) 

Applying  equations  (4)  and  (5)  to  the  members  of  the  truss,  noting  from  S3rmmetry 
Af  CD  «  Mdc  =  0,  there  results 
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Mab  «  2E'K{2eA  +  Bb)  (32) 

2E'K 
Mad  =  —j—  {26 A  -  3fi)  (33) 

Mda  =  —j^  {Ba  -  3B)  (34) 

Mba  =  2E'K{2eB  +  Sa)  (35) 

Mbc  =  (2^5  -  3i2)  (36) 

2^X 
M CB  = (Ob  -  3/2)  (37) 

8 

Also,  since  the  joints  A  and  B  are  in  equilibrium, 

Mab  +  Mad  =  0  (38) 

Mba  +  Mbc  =0  (39) 

Substitute  (32)  and  (33)  in  (38),  and 


^3       2dAfl+k\ 


R       k        R   \     k 
Substitute  (35)  and  (36)  in  (39),  and 


ft  '     ■     '   ■     R 
Substitute  value  of  moments  in  (31),  and 


R     '     R  V     ■    -/       12E'K'R 

Substitute  value  of  Ob  in  (40)  in  (41),  and 


Substitute  value  of  6a  in  (43)  in  (40),  and 


Substitute  6a  from  (43)  and  6b  from  (44)  in  (42),  and 


Let 


and 


(40) 


26b  8' 6a 


80A      kOe  ksP-l  ,    , 

+  -li-  -  2(8  +  fc)  -  r-^r-^-r  (42) 


3g(28  +  2-fc) 
"*       3A;-«  +  4*  +  48  +  4  ^     ' 


3k' 8  +  4A;  +  4«  +  4 


k'S'P'l    Zk'8  +  4fe  +  4g  +  4 

^  "  l2E'K'2{3h8^ +  nk'8  +  8^  +  8  +  3k*'8  +  k'  +  k)  ^    ^ 

—  =  (Sk-^  +  nk'8  +  «*  +  «  +  Sk^'S  +  k^  +  k) 

N 

k'8'P'l'N 
R  =  -24^T7r  ^^^'^  +  4A;  +  4«  +  4)  (46) 
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Substitute  R  in  (46)  in  (43),  and 

P'l'N'k'8 
Oa  »       3^,^      (2«  +  2  -  k)  (47) 

Substitute  R  in  (46)  in  (44),  and 

P'l'N'k'8 
Bb  =      3jg,^      {2k  +2-8)  (48) 

Substitute  values  of  Ba  and  Bb  in  (32),  and 

Ma^  =  \P'l'N'k'8{B  +  2)  (49) 

From  (38) 

Mad  =  -  Mab  =  -  iP•^i\r •*;•«(«  +  2)  (60) 

Substitute  Ba  and  Bb  in  equation  (35),Nand 

Mba  =  lP'hN'k'8{k  +  2)  (51) 

From  equation  (39) 

Mbc  =  -  Mba  =  -  iP-i-iV-A:-«(«  +  2)  (52) 

Substitute  A  from  equation  (46)  and  Ba  from  equation  (43)  in  equation  (34),  and 

Mda  =  -  \P'hN'8{28  +  2  +  5A;  +  3ifc-«)  (53) 

Substitute  R  from  equation  (46)  and  Bb  from  equation  (44),  in  equation  (37),  and 

McB  =  -  lP'i'N'k(2k  +  2  +  5«  +  3A;-«)  (54) 

The  longitudinal  stress  at  the  center  of  the  lower  chord  AD,  will  be 

=  -He 
Now  if  members  AD  and  BC  have  the  same  moment  of  inertia,  /i  =  1%,  and  a  =  k 

Ith 
and 

Mad  =  Mbc  =  -  -j-  ^j^^p"^  (56) 

PI    3k  +  1 
McB  =  Mda  =  —  "7~  •  ^ ,    ,   -  (57) 

The  longitudinal  stress  at  the  center  of  the  lower  chord  AD,  will  be 

_      P:i      PJ:   3fe  +  1 
^^  2A  ""■  2A  ■  6A;  +  1 

~  "  2A(6ifc  +  1)  ^^^^ 

=  -He 
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If  /,/A  -  Itll  -  Itll  (Jfc  -  «  -  1) 

Mad  -  Mbc  -  -  ^P-l  (59) 

McB  'Mda~  -  iSPl  (60) 

Mab  '•Mba~+  i%Pl  (61) 

3  PI 

H.=  ---  (62) 

When  fc  —  «  ■■  1,  the  direct  stress  in  AB  =»  JP,  and  the  direct  stress  in  CD  «  —  JP. 

For  any  quadrangular  truss  with  stiff  joints,  the  equations  may  be  written  as  above. 
There  will  always  be  as  many  equations  as  there  are  unknowns.  If  the  truss  is  sym- 
metrical about  a  center  line  as  was  the  above  truss,  the  problem  is  much  simplified. 

By  passing  a  vertical  plane  through  the  center  of  the  truss  CD  in  Fig.  4,  it  will  be 
seen  that  the  left  half  of  the  truss  is  a  portal  with  stiff  joints,  with  columns  fixed  at  C 
and  D  {Oo  ^  On  ^  0),  and  carrying  a  load  of  ^P.  For  the  solution  of  a  portal  with 
fixed  columns  by  Area  Moments,  see  Chapter  XVII. 

Problem!. — The  stresses  in  the  stiff  frames  given  in  Fig.  15  to  Fig.  19,  inclusive, 
Chapter  XVII,  may  be  calculated  by  the  method  of  ''Slope  Deflections." 

For  the  solutions  of  additional  problems  by  the  ^'Method  of  Slope  Deflections, 
HOQ  **  Analysis  of  Statically  Indeterminate  Structures  by  the  Slope  Deflection  Method, 
by  Wilson,  Richart  and  Weiss,  University  of  Illinois,  Eng.  Sta.  Bui.  No.  108. 

References. — The  method  of  slope  deflections  was  first  deduced  by  Manderia  in 
1878,  and  was  used  in  the  solution  of  secondary  stresses.  The  method  of  slope  deflec- 
tions has  been  developed  by  several  writers,  among  whom  are:  Mohr,  Otto,  "Abhand- 
lungen  aud  dem  Gebiete  der  technischen  Mechanik,  1906.''  Kuns,  F.  C,  ''Engineering 
News/'  Oct.  5,  1911.  Wilson  and  Maney,  "Wind  Stresses  in  Steel  Frames  of  Office 
Buildings,"  University  of  111.  Eng.  Exp.  Sta.,  Bui.  80,  1915.  Wilson,  Richart  and 
VVoiivfi,  ''Analy^s  of  Statically  Indeterminate  Structures  by  the  Slope  Deflection 
Method,"  Univ.  of  HI.  Eng.  Exp.  Sta.  Bui.  108,  1918. 


CHAPTER  XIX 
Secondary  Stresses. 


Introduction. — In  calculating  the  stresses  in  structures  it  is  usual  to  assume  (1) 
that  the  joints  are  free  to  turn,  (2)  that  the  neutral  axes  of  the  members  meet  in  a  point 
at  the  joints,  (3)  that  all  loads,  including  the  weights  of  the  members  themselves,  are 
applied  at  the  joints.  The  stresses  so  calculated  are  direct  or  axial  stresses  and  are 
commonly  called  primary  stresses.  The  above  assumed  conditions  are  not  realized  in 
practice.  The  stresses  due  to  stiffness  of  joints,  to  eccentric  joints,  to  members  not 
being  straight,  to  weight  of  members,  etc.,  are  called  secondary  stresses.  The  secondary 
stresses  due  to  rigidity  of  joints  only  will  be  considered  in  this  chapter.  The  primary 
stresses  must  first  be  calculated,  and  the  secondary  stresses  due  to  shear  and  bending 
moment  are  then  calculated.  The  secondary  stresses  due  to  shear  are  commonly  very 
small  and  may  be  neglected. 

For  the  calculation  of  combined  and  eccentric  stresses,  see  Chapter  XII. 

Secondary  Stresses  Due  to  Rigidity  of  Joints. — The  rigid  triangle  a-b-Cj  in  Fig.  1, 
is  subject  to  direct  unit  stresses,  StAf  She,  Seat  and  the  lengths  of  the  corresponding  mem- 
bers are  2^6,  het  2ca.    Then  the  change  in  length  of  each  member  will  be 


{^J 


IC^lac 


c     c' 


Fig.  1. 


^  =  (.Su-kc)lE 

A„  =  (So,- ha)  IE 


(1) 
(2) 
(3) 


If  the  joints  do  not  offer  any  resistance,  the  angles  in  the  new  triangle  due  to  the 
changed  sides  may  be  calculated  as  follows.    By  the  law  of  sines 


21 


(fc.  +  AW  :  ilc  +  At.)  ::  sin  (A  +  AA)  :  sin  (B  +  AB) 
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(4) 
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and 

(lea  +  Mca)  sin  (A  +  AA)  =  (tc  +  Ahc)  sin  {B  +  AB)  (5) 

Expanding  and  placing  cos  A  A  ==  cos  AB  =  1,  and  sin  AA  =  AA,  and  sin  AB  =  AB; 
also  dropping  products  of  differentials 

ioc-sin  A  +  Jac-cos  A-AA  +  sin  A-A4,c  =  Ibc-sin  B  +  fco'Cos  B-AB  +  sin  B-Ake    (6) 

and 

sin  A{lca  +  Alca)   .  sin  B{hc  +  Ahc)   ,  AB-cosB-fee 
AA  = ; h  — h  — T—  (7) 

tea -cos  A  tea 'COS  A  Xoa'COSA 

From  law  of  sines 

sin  B  :  sin  A  ::  2ea  •  bo 
and 

sin  B  =:  sin  A  •  loalho  (fi) 

Substituting  the  value  of  sin  B  from  (8)  in  (7) 

fAke        Alea\  ,      .     ,  „  tail  A 

In  a  similar  maimer 

Also 

AA+AB+AC  =  0  (11) 

Solving  and  eliminating  AB  from  (9)  and  (10) 

In  a  similar  manner  it  may  be  shown  that 

^„       /Al„      AJ».\     ^^       /At*      AZ„\     ^^ 

.   .  /At*         Alra\        ^    ,  /AJtc         AtA\        ^   „ 

Now  if  Saby  Sbe  and  /So,  are  the  unit  stresses  in  the  members,  Adb  =  StA't^b/E, 
Ake  =  Sbe'lbclE,SLndAlca  =  ^«,-W^,and 

J,    ,  Sbe   —  Sab  ,    _         Sea    ''Sbe  ,    ^ 

AA  = cot  B cot  C  (15) 

.  _  ^ca  —Sbe  ,   ^         ^ci6  —  Sea 

AB  = cot  C cot  A  (16) 

A/7  Se^--Sea  ,     .         Sbe  —  Sei,  ,    _ 

AC  = cot  A cot  B  (17) 

Equations  (15),  (16)  and  (17)  will  give  the  angular  changes  if  the  joints  of  the  • 
triangle  are  free  to  turn. 


DEFLECTION  ANGLES. 
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Deflection  Angles  of  a  Beam  Due  to  Bending  at  Ends. — The  beam  AB  in  (a),  Fig. 
2,  has  bending  moments  Mab  and  Mba,  and  shears  Va  and  Vb  at  the  ends  and  has  no  inter- 
mediate loads.  The  bending  moment  diagram  is  shown  in  (6),  Fig.  2.  To  calculate  the 
deflection  at  B  from  a  tangent  at  A,  take  the  static  moment  of  the  moment  area  between 
A  and  B  about  B  and  divide  the  result  by  E-L,  and 


E'I'ifh  «  - 


Ml 


ba 


I  I 

-X3  + 


Ma6-Z 


XfJ 


Vh  = 


6^-/ 


(2Ma5  -  Mba  ) 


and  the  deflection  angle  is, 


Ba  =  Vb/l  = 


6^-7 


(2Mfl6  -  Mob) 


(18) 


(19) 


Fig.  2. 


Fig.  3. 


Moments  clockwise  are  taken  as  positive  the  same  as  in  Chapter  XVIII.    The  opposite 
assumption  may  be  made,  in  which  case  the  signs  of  all  moments  are  changed. 
In  Fig.  3,  it  will  be  seen  that  the  change  in  angle  A  will  be 

AA  =  Z  ^oc  -  Z  b'ac' 
and 

AA  =  yjlca  -  Vhlldb 
and  from  (19)  and  applying  (19)  to  Fig.  3, 

"       (2Mac  -  Mca)  -  ~r-  (2M«6  -  Mfe) 


(20) 


AA  = 


also 


AB  = 


AC  = 


^E'lao 

QE'  1(0, 

he 


(2M6.  -  M^)  - 


(2M<*  -  Mu)  - 


QE-Iab 

Ihc 
QEItc 
I. 


(21) 


(2Mu  -  Ma) 


''CO 


6EI 


(2Mca  -  Mac) 


(22) 


(23) 


ea 
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Now  since  at  each  joint  XM  =  0,  in  the  triangle  in  Fig.  1, 

Mob  +  Mac  =  0  (24) 

Mfta  +  Mfcc  =  0  (25) 

Ma>  +  Mca  =  0  (26) 

The  values  of  Ail,  AB  and  AC  are  calculated  by  solving  equations  (15),  (16)  and 
(17),  respectively.  The  values  of  AA,  AB  and  AC  will  then  be  substituted  in  equations 
(21),  (22)  and  (23),  respectively.  Equations  (21)  to  (26).  inclusive  give  six  equations 
containing  six  unknown  moments.  By  solving  these  simultaneous  equations  the  un- 
known bending  moments  may  be  calculated. 

Having  calculated  the  bending  moments,  the  secondary  stresses  may  be  calculated 
by  means  of  the  usual  formula  for  flexure 

M=f'Ilc  (27) 

Different  Solutions. — The  method  for  the  solution  of  secondary  stresses  in  struc- 
tures with  rigid  joints  as  given  above  is  similar  to  the  solution  of  Muller-Breslau,  and 
is  the  solution  most  easily  followed,  due  to  the  fact  that  the  signs  of  the  angle-changes 
and  the  moments  are  automatically  determined.  The  solutions  of  the  equations  (21), 
(22)  and  (23)  when  applied  to  trusses  may  be  made  easier  by  the  substitution  of 

Id^'Mttlldb  =  Kab]    ha'Mba/Iba  =  Kbof  CtC. 

The  bending  moments  may  also  be  expressed  in  terms  of  the  angles  da  and  d^. 
From  equation  (19) 

Oa  =  ^^  {2M^  -  Mfta)  (19) 

also,  we  may  write 

Ob  =  ^^  (2Mba  -  M«6)      •  (28) 

Multiply  (1^9)  by  two  and  add  to  (28),  andj 

2E'I 
Mat  =  -p  (2^a  +  db)  (29) 

In  like  manner 

OK*.  7 

Mia J-  (2ft>  +  So)  (30) 

The  bending  moftients  at  the  joints  may  be  expressed  in  terms  of  the  deflection 
angles.  There  will  be  as  many  equations  as  there  are  unknown  moments.  This 
method,  which  is  a  slope  deflection  method,  is  a  simplification  of  Manderla's  method. 
This  is  the  method  given  in  Johnson,  Bryan  and  Turneaure's  "Framed  Structures," 
Part  II. 

Mohr's  method  for  calculating  secondary  stresses  is  also  a  slope  deflection  method. 
For  a  full  discussion  of  Mohr's  method  see,  article  entitled  "Secondary  Stresses,"  by 
F.  C.  Kunz,  "Engineering  News,"  Oct.  5,  1911. 

For  a  discussion  of  the  methods  of  Manderla,  Muller-Breslau,  Hitter,  Mohr,  and 
the  Method  of  Least  Work,  see  Grimm's  "Secondary  Stresses  in  Bridge  Trusses." 
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Problem. — It  is  required  to  calculate  the  secondary  stresses  in  the  riveted  triangular 
truss  in  (a),  Fig.  4.    The  joints  of  the  truss  are  assumed  as  rigid. 

The  lengths  of  members  are,  4*  =  tc  =  26  ft.  fcd  =  J«  =  30  ft. 

The  moments  of  inertia  of  the  members  are,  ld>  =  Ihd  =  360  in.*,  /be  =  60  in.*, 
/^  s=  40  in.*    The  unit  stresses  in  the  members  due  to  the  external  loads,  are 


Sdb  = 

=  Sd»  = 

7,000  lb.  per  sq.  in. 

=  -s«  = 

—  7,300  lb.  per  sq.  in. 

'Sm 

s 

7,330  lb.  per  sq.  in. 

&.= 

=    Scd    = 

—  8,000  lb.  per  sq.  in. 

cot  BAC  =  cot  BCA  =  cot  CBD  =  0.7500 
cot  BDC  =  cot  DCE  =  cot  DEC  =  0.7500 
cot  ABC  =  cot  BCD  =  cot  CDE  ==  0.2915 


(^) 


(b) 


FiQ.  4. 


Substituting  in  equations  (15),  (16)  and  (17),  and  reducing 


E-ABAC  = 
E-AABC  = 
EABCA  - 
EADBC  = 
E'ABCD  =■ 


(31) 
(32) 
(33) 
(34) 
(35) 


(-  8,000  -  7,000)0.2915  -  (-  7,330  +  8,000)0.75  =  -    4,875 
( -  7,300  +  8,000)0.75  -  (7,000  +  7,300)0.75  =  -  10,245 
(7,000  +  7,330)0.75  -  ( -  8,000  -  7,000)0.2915  =  15,122 
(-  8,000  +  8,000)0.2915  -  (7,330  +  8,000)0.75  =  -  11,500 
(7,330  +  8,000)0.75  -  ( -  8,000  -  7,330)0.75  =  23,000 

Writing  the  equations  for  moments  (21),  (22)  and  (23),  for  all  angles,  and  sub- 
stituting the  values  of  ABAC,  etc.,  there  results 

-  6  X    4,875  =  ^^  (2Jlf„  -  M„)  -  fH  (2Jlf<*  -  Mta) 

-  6  X  10,245  =  Ui  (2Mia  -  Ma,)  -  W  {2Mt,  -  M*) 
6  X  15,122  =  V/  (2M*  -  Mtc)  -  W  (2M„  -  M„) 

-  6  X  11,500  =  \%^  (2M6.  -  Md,)  -  ||i(2MM  -  Af*) 
6  X  23,000  =  -^aV-  (2Mc4  -  M*)  -  W  (23^*  -  Mu) 

Also,  since  2Af  =  0  for  each  joint 


(36) 
(37) 
(38) 

(39) 
(40) 
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M^  +  Mac  =  0  (41) 

Mia  +  Mu  +  Mm  «=  0  (42) 

From  symmetry,  Med  =  —  Meb,  Mde  =  —  Mhe,  and  MdSt  =  —  Mm.    Substituting 
these  values  in  equations  (3^9)  and  (40)  and  reducing,  the  equations  are  as  follows: 

-  29,250  =  9(2Mac  -  M«)  -  |(2Afa^  -  Mha)  (36) 

-  61,470  =  \{2Mu,  -  Mob)  -  5(2Mu  -  Ma)  (37) 
90,732  =  5(2Mo6  -  Mbc)  -  9(2Mc„  -  Mac)  (38) 

-  69,000  =  o(2M6c  -  Mcb)  -  3M6d.  (39) 

-  138,000  =  10(2Ma  -  Mbe)  (40) 

M«6  +  Mo,  =  0  (41) 

Mi„  +  Mu  +  Mm  =  0  (42) 

Solution  of  Equations. — Multiply  (38)  by  two,  and  subtract  from  (40) 

-  138,000  «       10(2Mc6  -  Mbc) 

-  181,464  =    -  10(2Me6  --  Mbc)  +  18(2Mca  -  Mac) 

-  319,464  =       18(2M«  -  Mac) 

(2Mca  -  Mac)  =^  -  17,748 

Mca  =  iMac  -  8,874  (43) 

From  (40) 

Mcb  =  iMftc  -  6,900  (44) 

Add  (39)  and  (37) 

-  69,000  =  5(2M6o  -  Mcb)  -  3M6d 

-  61,470  =  f  (2Mba  -  Mob)  -  5(2Mbe  -  M^) 

-  130,470  =  |(2M6a  -  Moft)  -  3Mm  (45) 
Subtract  (36)  from  twice  (37) 

-  122,940  =       |(4M6„  -  2Mab)  -  10(2M6c  -  Ma) 

+      29,250   =    -  9(2Ma.   -      Mca)   +      f  (2Mafe  -  Mba) 

-  93,690  =  -  9(2M«c  -    Mca)  +  ^}'Mi^  -  10(2M6c  -  Ma)  (46) 
Substitute  Ma  in  (44)  in  (39) 

-  69,000  =  5(|M6c  +  6,900)  -  ^Mbd 

-  103,600  =  VMfcc  -  ZMm  (47) 

In  (45)  substitute  Mca  =  hMca  -  8,874  from  (43),  Ma  =  \Mu  -  6,900  from  (44), 
and  Mac  =  —  Md>  from  (41). 

-  93,690  =  9(1  Mob  -  8,874)  +  ^Mba  -  10(|M6c  +  6,900) 
Reducing 

110,360  =  27Ma6  +  5M6a  ~  30M6c  (48) 

Substitute  Mbd  ^  -  Mba  -  M^c,  from  (42)  in  (45), 

-  130,470  =  l{2Mta  -  Ma)  +  3Mba  +  ZMbc 

=  V-M6a~iM.ft+3M6c  (49) 
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Multiply  (49)  by  ten  and  add  to  (48) 

-  1,304,700  =  ^^Mba  -  h^M^  +  30Af6c 

110,350  =  5Mia  +  27Mab  -  SOMbc 

-  1,194,350  =  ^^Mba  +  -PMa6 

-  7,166,100  =  310M6a  +  112Mak  (50) 
Substitute  from  (42),  Af 6c  =  -  -Miw  -  Mbdy  in  (47) 

-  103,500  =  -  \^Mba  -  ^2-Mbd  -  3Mm 

-  207,000  =  -  ISMta  -  2lM6d 

Solving:  ^    ^ 

Mta  =  -  f  Mfca  +  9,857  (51) 

Substitute  (51)  in"(45) 

-  130,470  =  i(2M6«  -  Mob)  +  ^Mta  -  29,570 

Reducing 

-  100,900  =  ^i^-Mba  -  iM«6  ^52) 

Multiply  (52)  by  672/5  and  add  to  (50) 

-  13,560,960  =  512M6«  -  112Mo6  (53) 

-  7,166,100  «  310M6a  +  112Afa6  (50) 

-  20,727,060  =  822M6a 

Mta  =  -  25,220  in.-lb.  (54) 

Substitute  Mba  in  (51) 

Mbd^^  X  25,220  +  9,857 

«  27,870  in.-lb.  (55) 

Substitute  Mba  and  Mm  in  (42) 

-  25,220  +  27,870  +  Af 5c  =  0 

Af 6c  =  -  2,650  in.-lb.  (56) 

Substitute  Mba  in  (53) 

112M«6  ==  512(-  25,220)  -|-  13,560,960 

Af «6  =  +  5,790  in.-lb.  (57) 

Substitute  M6c  in  (44) 

Af c*  =  -  1,325  -  6,900 

=  -  8,225  in.-lb.  (58) 

From  (41) 

Mac^  -  Ma^  -  5,790  in.-lb.  (59) 

Substitute  M«c  =  -  5,790  in  (43) 

Af ca  =  -  2,895  -  8,874 

=  -  11,769  in.-lb.  (60) 
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Collecting  the  values  of  M, 

Mab=  +    5,790  in.-lb. 

Mac  =  -    5,790  in.-lb. 

Mba=  -  25,220  in.-lb. 

Mbc  =  -    2,650  in.-lb. 

Mm  =  +  27,870  in.-lb. 

Mca=  -  11,769  in.-lb. 

Mcb  =  -    8,225  in.-lb. 

The  signs  of  the  moments  are  shown  in  the  distorted  truss,  in  (6),  Fig.  4.  There  are 
points  of  eontra-flexure  in  members  BC,  DC,  AC  and  CE. 

Secondary  Stresses. — The  values  of  c,  the  distance  from  the  neutral  axis  to  the 
extreme  fiber  on  the  side  of  the  member  in  which  the  secondary  stress  is  of  the  same 
kind  as  the  primary  stress  are  as  follows: 

AB  »  9  in.  to  compression  side 
BD  =  9  in.  to  compression  side 
BC  =  6  in.  to  tension  side 
AC  =  6  in.  to  tension  side 

Substituting  in  the  formula/  =  M •  c/7,  there  results  for  the  secondary  stresses 

Stress  in  AB  =       26,220  X  9/360  =  630  lb.  per  sq.  in.  (compression) 

Stress  in  BD  =       27,870  X  9/360  =  690  "     "     "    " 

Stress  in  BC  =  -    8,225  X  6/60    =  -     822  "    "     "    "  (tension) 

Stress  in  AC  =  -  11,769  X  6/40    =  -  1,766  "    "     "    " 

Discussion  of  Secondary  Stresses. — The  preceding  analysis  has  omitted  (1)  the 
bending  moments  due  to  the  direct  or  primary  stress,  acting  with  an  arm  equal  to  the 
deflection  of  the  member,  and  (2)  the  effect  of  the  secondary  stresses  in  reducing  the 
primary  stresses.  Bo€h  of  these  were  included  in  Manderla's  solution  published  in 
1880,  which  is  much  longer  and  more  laborious  than  the  approximate  method  given 
above.  The  effects  of  (1)  and  (2)  tend  to  neutralize  each  other  and  the  approximate 
results  are  generally  sufficiently  exact.  It  should  be  noted  that  (2)  is  very  large  in 
stiff  frames,  see  Chapter  XVII  and  Chapter  XVIII.  The  secondary  stresses  in  simple 
riveted  railway  bridge  trusses  of  the  Pratt  or  Warren  type  may  vary  from  20  to  40 
per  cent  of  the  primary  or  direct  stresses,  depending  upon  the  design.  For  a  truss 
with  subdivided  panels  the  secondary  stresses  are  commonly  larger  than  for  a  truss 
with  simple  bracing.  The  secondary  stresses  in  a  truss  with  K-bracing  are  less  than 
for  any  other  type  of  subdivided  truss. 

The  secondary  stresses  in  a  member  vary  directly  as  the  moment  of  inertia  in  the 
plane  of  bending  and  inversely  as  the  length  of  member.  Sections  with  a  large 
moment  of  inertia  and  small  area,  such  as  T-sections,  have  large  secondary  stresses. 

In  designing  railway  bridges  with  riveted  trusses,  the  secondary  stresses  should 
be  calculated  in  any  member  where  the  width  of  the  member  in  the  plane  of  the  truss 
is  greater  than  one-tenth  of  its  length. 


CHAPTER  XX. 
Stresses  in  a  Two-hinged  Arch. 

Introduction. — ^A  two-hinged  arch  is  a  frame-work  or  beam  with  hinged  ends  which 
has  inclined  reactions  for  vertical  loads.  The  bottom  chords  of  two-hinged  arches 
are  usually  cambered,  however,  a  simple  truss  becomes  a  two-hinged  arch  if  the  ends 
are  fixed  to  the  abutments  so  that  deformation  in  the  direction  of  the  length  of  the  truss 
is  prevented. 

The  horizontal  components  of  the  reactions  may  be  supplied  either  by  the  abut- 
ments or  by  a  tie  connecting  the  hinges.  In  the  latter  case  the  deformation  of  the  tie 
must  be  considered  in  determining  the  horizontal  reactions.  Two-hinged  arches  are 
statically  indeterminate  structures  and  their  design  is  subject  to  the  same  uncertainfies 
as  continuous  and  swing  bridges. 

Two-hinged  roof  arches  are  rigid  and  economical,  but  have  been  used  to  a  very 
limited  extent  on  account  of  the  difficulties  experienced  in  their  design.  The  methods 
outlined  in  this  chapter  are  quite  simple  in  principle,  although  they  necessarily  require 
quite  extended  calculations.  Two-hinged  roof  arches  with  open  framework,  only,  will 
be  considered  in  this  chapter. 

For  the  calculation  of  the  stresses  in  a  fixed  arch,  see  the  author's  **  The  Design 

of  Highway  Bridges  of  Steel,  Timber  and  Concrete." 

• 

CALCULATION  OF  STRESSES.— -The  vertical  reactions  in  a  two-hinged  arch 
are  the  same  as  in  a  simple  truss  or  a  three-hinged  arch  having  the  same  loads  and  span. 
The  horizontal  reactions,  however,  depend  upon  the  deformation  of  the  framework 
and  cannot  be  determined  by  simple  statics  alone.  Before  the  deformations  can  be 
calculated,  the  sizes  of  the  members  must  be  known,  and  conversely,  before  the  sizes 
of  the  members  can  be  calculated,  the  stresses  which  depend  upon  the  deformations 
must  be  known.  Any  method  for  the  calculation  of  the  stresses  in  a  two-hinged  arch 
is,  therefore,  necessarily  a  method  of  successive  approximations.  With  a  skilled  com- 
puter, however,  it  is  rarely  necessary  to  make  more  than  two  or  three  trials  before 
obtaining  satisfactory  results  in  designing  roof  arches.  Two-hinged  bridge  arches 
require  somewhat  more  work  to  design  than  roof  arches  on  account  of  the  greater 
number  of  conditions  for  maximum  stresses  in  the  members. 

Having  determined  the  correct  value  of  the  horizontal  thrust,  H,  the  stresses  in  a 
'  two-hinged  arch  may  be  calculated  by  the  ordinary  algebraic  or  graphic  methods  used 
in  the  solution  of  the  stresses  in  simple  trusses. 

The  stresses  in  a  two-hinged  roof  arch  will  be  calculated  by  the  Method  of  Algebraic 
Summation  and  also  by  the  Williott-Mohr  Diagram  Method,  as  already  explained  in 
Chapter  XV. 

Calctslation  of  the  Reactions. — In  Fig.  1  the  vertical  reactions,  Ri  and  Rt^  are  the 
same  as  for  a  simple  truss.    The  horizontal  reactions,  H,  will  be  equal  and  will  be  the 
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forces  which  would  prevent  change  in  length  of  span  if  the  ends  of  the  arch  were  free 
to  move.  The  horizontal  thrust,  H,  will  therefore  be  the  force  which,  applied  at  the 
roller  end  of  a  simple  truss,  will  prevent  deformation  and  make  the  truss  a  two-hinged 
arch. 

The  deformation  of  the  right  end  of  the  truss  due  to  the  external  loads  from  equa- 
tion (3),  Chapter  XVI,  will  be 

SU'L 

where  S  is  the  stress  in  the  member  in  lb.  per  sq.  in.;  U  is  the  stress  in  the  member 
due  to  a  load  of  1  lb.  acting  in  line  with  the  deformation  A';  L  =  length  of  the  member 
in  inches;  A  »  area  of  the  member  in  sq.  in.;  and  E  =  modulus  of  elasticity  of  the 
member  in  lb.  per  sq.  in. 

The  deformation  of  the  right  end  of  the  truss  due  to  the  horizontal  reaction  H, 
from  equation  (6),  Chapter  XVI,  will  be 

^/  =  ^2- —  (2) 

A'E  ' 

By  equating  the  values  of  A'  in  equations  (1)  and  (2),  we  have 

•  s 

A'E 

For  a  two-hinged  arch  with  a  horizontal  tie,  the  deformation  of  the  right  end  of 
the  arch  will  be  equal  to  the  deformation  of  the  horizontal  tie.  The  deformation  of  the 
horizontal  tie  for  a  stress  H,  will  be 

A"  =  (H'DKAvE)  (4) 

where  I  »  length  of  tie  in  inches,  and  Ai  —  area  of  tie  in  sq.  in. 

Then  the  deformation  of  the  truss  will  be  equal  to  the  sum  of  the  distance  that  the 
horizontal  tie  will  bring  the  right  end  back  and  the  deformation  of  the  horizontal  tie. 
Placing  equation  (1)  equal  to  the  sum  of  equations  (2)  and  (4)  and  solving 

SU'L 

^    A'E 

^—xpi^ — r  <^> 

A'E^  AvE 

The  method  of  finding  the  correct  value  of  the  horizontal  reaction,  J7,  is  as  follows: 
(1)  calculate  the  stresses  in  the  arch  for  the  given  loading  on  the  assumption  that  it  is  a 
simple  truss  with  one  end  supported  on  f rictionless  rollers  (6)  Fig.  1 ;  (2)  calculate  the 
stresses  in  the  arch  for  an  assumed  horizontal  reaction,  /f '  =  1  lb.  on  the  assumption 
that  it  is  a  simple  truss  on  f rictionless  rollers  (d)  Fig.  1 ;  (3)  calculate  the  deformation,  A, 
of  the  free  end  of  the  truss  for  the  given  loads  by  means  of  formula  (1);  (4)  calculate 
the  deformation.  A'  of  the  free  end  of  the  truss  for  the  assumed  horizontal  reaction 
H'  a  1  lb.  by  means  of  formula  (2).    The  true  value  of  H  is  then  given  by  formula  (3). 
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Stress  Diagram 
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Fig.  1.    Stbbss  Diagrams  for  the  Truss. 


TABLE  I. 
Simple  Truss  with  Vertical  Loads 


I 

a 

3 

4 

5 

6 

7 

8 
U 

9 

Member. 

Arem. 
.Sq.  In. 

Length,  L, 

StrcM.  Lb. 

Unit  Streu. 
£.Lb. 

S'L 
A-E' 

No.  of 
Mem 

S'U*L 
A'E    ' 

I-« 
2-X 

2-X 
I'-X 

I-y 

3,-iy 

3-^ 

I-y 

1-2 
2-3 

3-4 

ft' 

l'-2' 

5-3 
5-3 

5-3 

5-3 

5-3 

5-3 

5-3 

5-3 

5.3 
2.0 

4.0 

4.0 

4.0 

4.0 

2.0 

252 
192 
180 
192 
252 
216 
192 
192 
216 
150 
204 
150 
150 
204 
150 

+  60,000 
+  41,000 
+  67,000 
+  41,000 
+  60,000 
-25,000 
-57,000 

-57,000 

-  25,000 

—  30,000 
+  32,000 

—  22,000 

—  22,000 
+  32,000 

—  30,000 

+  11,320 

+    7,740 
+  12,650 

+    7,740 
+  11,320 

-  4,720 

-  10,760 

-  10,760 

-  4,720 

-  15,000 

+    8,000 

-  5,500 

-  5,500 
+    8,000 

-  15,000 

+  .095 
+  .050 

+  .076 

+  .050 

+  .095 

-.034 

—  .069 

-.069 
-.034 

-.075 
+  .054 

—  .028 

—  .028 

+  .054 
-075 

% 

I 
12 

IS 

8 

4 
10 

14 
7 

5 

2 

3 
II 

13 

—  0.90 

—  0.80 

—  1-45 

—  0.80 

—  0.90 
+  1.60 

+  2.05 
+  2.05 
+  1.60 

+  0.7S 
-0.45 

+  0.80 

+  0.80 

-0.45 
+  0.75 

-.086 

—  .040 

—  .110 

—  .040 

—  .086 

-■054 
-.141 

—  141 

-.054 

—  .056 

—  .024 

—  .022 

—  .022 

—  .024 

—  .056 

Total  Deformation  =  Z     .^    «  -  .956 
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The  calculation  of  the  horizontal  reaction,  H,  and  the  stresses  can  be  made  by 
algebraic  methods  alone  or  by  a  combination  of  graphic  and  algebraic  methods.  The 
first  requires  less  work,  while  the  second  is  probably  easier  to  understand.  The  alge- 
braic solution  will  be  given  first. 

Algebraic  Calculation  of  Reactions. — In  Table  I  the  values  of  the  unit  stress,  SjA^ 
in  each  member  due  to  the  external  loads  as  calculated  in  (6)  Fig.  1,  are  given  in  column 
5;  values  of  S'L/A'E  are  given  in  column  6;  values  of  the  stress,  U,  in  each  member 
due  to  a  unit  horizontal  thrust  as  calculated  in  (d)  Fig.  1,  are  given  in  column  8;  and 
values  of  {S'U'L)IA'E  are  given  in  column  9.  The  algebraic  sum  of  the  quantities 
in  column  9  gives  the  total  deformation,  A  =  0.956  inches  at  the  point  where  the  unit 
horizontal  thrust  was  applied  measured  parallel  to  the  line  of  action  of  the  thrust. 

In  Table  II  similar  values  are  given  for  the  arch  as  a  truss  with  an  assumed  hori- 
zontal reaction  of  H'  ~  20,000  lb.     (It  is  not  convenient  to  use  the  stresses  for  1  lb.  in 


TABLE  II. 
Simple  Truss  with  H'  »  20,000  Lb. 


I 

9 

3 

4 

5 

6 

7 

8 

9 

Area, 
Sq.  1b. 

Leiiffth.  L. 
Inches. 

Unit  Stress, 

IT,  T 

Nn    nf 

U^-L 

Member 

Stress,  Lb. 

u 

"-j  X  so.ooo. 

Mem. 

U 

A-E 

X90.000. 

1-X 

5.3 

252 

—  18,000 

-3,400 

-  .028 

9 

—  0.90 

.025 

2-X 

S-3 

192 

—  16,000 

-  3,000 

—  .019 

6 

—  a8o 

.015 

2-Af 

5.3 

180 

—  29,000 

-5,500 

-.033 

I 

-145 

.048 

5.3 

192 

—  16,000 

-3,000 

—  .019 

12 

—  0.80 

.015 

l'-* 

5-3 

252 

—  18,000 

-3,400 

—  .028 

15 

—  0.90 

.025 

i-y 

5-3 

216 

+  32,000 

+  6,000 

+  .043 

8 

+  1.60 

.069 

3-y 

5-3 

192 

+  41,000 

+  7,800 

+  .050 

4 

+  2.0S 

.102 

3-^ 

5-3 

192 

+  41,000 

+  7,800 

+  .050 

10 

+  2.0s 

.102 

i'-^ 

5.3 

216 

+  32,000 

+  6,000 

+  .043 

14 

+  1.60 

.069 

1-2 

2.0 

150 

+  i5»oa> 

+  7,500 

+  .038 

7 

+  0.75 

.029 

2-3 

4.0 

204 

-    9,000 

-  2,250 

—  .015 

5 

-0.45 

.007 

3-4 

4.0 

ISO 

+  16,000 

+  4,000 

+  .020 

2 

+  0.80 

.016 

^'r\ 

4-0 

150 

+  16,000 

+  4,000 

+  .020 

3 

+  0.80 

.016 

<"3 

4.0 

204 

-    9,000 

-  2,250 

—  .01  s 

II 

-0.4s 

.007 

l'-2' 

2.0 

ISO 

+  iS.ooo 

+  7,500 

+  .038 

13 

+  0.75 

.029 

IP'i 

L 

r 

Total 

Deformatio] 

'"^^•i 

;    X  20,000 

=  .574 

tabulation  or  in  drawing  the  deformation  diagram  for  ^  as  in  (c)  Fig.  2.)  The  algebraic 
sum  of  the  quantities  in  column  9  gives  the  total  deformation,  A'  =  0.574  inches  at  the 
point  where  the  horizontal  thrust  was  applied. 

The  correct  value  of  H  is  given  by  the  proportion 


H  :H'  ::A'  :A' 


H  = 


20,000  X  0.956 
0.574 


=  33,400  lb. 


In  Table  III  the  deformation.  A,  for  the  same  arch  considered  as  a  simple  truss  and 
acted  upon  by  dead  and  wind  loads  is  1.357  in.,  and 
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ff  = 


20,000  X  1.357 
0.574 


=  47,300  lb. 


Graphic  Calctilation  of  Reactions* — In  the  graphic  solution  of  the  horizontal  reac- 
tions the  total  amount  of  the  deformations,  A  and  A'  are  found  by  means  of  Williot 
deformation  diagrams  as  given  in  Fig.  2.  Before  constructing  the  deformation  diagrams 
the  quantities  in  the  first  seven  colunms  in  Tables  I  and  II  or  II  and  III  must  be  calcu- 

TABLE  III. 
Simple  Truss  with  Dead  and  Wind  Loads. 


I 

9 

3 

4 

5 

6 

7 

8                    ( 

7 

Member 

Area, 
Sq.  In 

Length.  L, 
Inches. 

Strew,  Lb. 

Unit  Stress. 
|.Ii>. 

A-E 

No.  of 
Meni. 

AE   ' 

1-x 

53 

252 

+  87,000 

+  16,400 

+  .138 

9 

—  0.90        —  . 

124 

z-x 

5.3 

192 

+  72,000 

+  13,600 

+  .087 

6 

—  0.80        —  . 

069 

2-X 

5-3 

180 

+  95,000 

+  17,800 

+  .107 

I 

-  1.4s         - 

155 

53 

192 

+  52,000 

+    9,800 

+  .063 

12 

—  0.80        —  . 

050 

I'-X 

5-3 

252 

+  72,000 

+  13,600 

+  .114 

15 

—  0.90        —  . 

103 

i-y 

5.3 

216 

-58,000 

-  10,900 

—  .078 

8 

+  1.60        -  . 

125 

3,-y 

5-3 

192 

-87,000 

—  16,400 

—  .105 

4 

+  2.0s         -  . 

.215 

3ry 

5-3 

192 

-74,000 

-  14,000 

-.090 

10 

+  2.0s         -  . 

.185 

I'-y 

5-3 

216 

—  30,000 

-    s,650 

-.041 

14 

+  1.60        -  . 

.064 

1-2 

2.0 

ISO 

—  36,000 

—  18,000 

—  .090 

7 

+  0.75         -  - 

.067 

2-3 

4.0 

204 

+  28,000 

+    7,000 

+  .048 

5 

-  0.4s         - 

.022 

3-4 

4.0 

150 

—  22,000 

-    5,500 

—  .028 

2 

+  0.80        — 

.022 

K-^ 

4.0 

ISO 

—  42,000 

-  10,500 

-.053 

3 

+  0.80        — 

.042 

*-3 

4.0 

204 

+  46,000 

+  11,500 

+  .078 

II 

-  0.4s         - 

•035 

l'-2' 

2.0 

ISO 

-42,000 

—  21,000 

-.105 

13 

+  0.75         ~ 

.079 

S'U'L 

r 

< 

fetal  Defon 

nation  =  2 

<                                — ,     ¥ 

■357 

lated.  The  stresses  given  in  column  4  are  calculated  as  shown  in  Fig.  1.  Column  6, 
giving  deformations  of  each  member,  and  column  7,  giving  the  order  in  which  these 
deformations  are  used,  are,  however,  the  only  values  used  in  constructing  the  deforma- 
tion diagrains. 

The  Williot  Deformation  Diagram. — The  principle  upon  which  the  construction 
of  the  Williot  deformation  diagram  is  based  is  as  follows:  Take  the  two  members  a-c 
and  c-b  in  (d)  Fig.  2,  meeting  at  the  point  c.  Assume  that  a-c  is  shortened  and  b-c  is 
lengthened  the  amounts  indicated.  It  is  required  to  find  the  new  position,  c\  of  the 
point  c.  With  center  at  a'  and  a  radius  equal  to  the  new  length  of  a  -c\  describe  an  arc. 
The  new  position  of  c  must  be  some  place  on  this  arc.  Then  with  a  center  at  h*  and  a 
radius  equal  to  the  new  length  of  V-c\  describe  an  arc  cutting  the  first  arc  in  c'.  The 
new  position  of  c  must  be  some  place  on  this  arc  and  will  therefore  be  at  the  intersection 
of  the  two  arcs,  c'.  Since  the  deformations  of  the  members  are  always  very  small  as 
compared  with  the  lengths  of  the  members,  the  arcs  may  be  replaced  by  perpendiculars, 
and  the  members  themselves  need  not  be  drawn,  (e)  Fig.  2. 

For  a  further  discussion  of  the  Williot  deformation  diagram,  see  Chapter  XV. 

To  draw  the  deformation  diagram,  (6)  Fig.  2,  for  the  arch  as  a  truss  with  one  end 
on  frictionless  rollers  and  loaded  with  vertical  loads,  proceed  as  follows:  Begin  with  the 
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member  marked  1,  lay  off  its  deformation  =  +  .076  in.  (Table  I,  column  6)  to  scale 
and  parallel  to  member  1.  Now  lay  off  the  deformation  of  2  =  —  .028  in.  away,  from 
the  joint  Ut  and  parallel  to  the  member  2,  and  lay  off  deformation  of  3  =  —  .028  in., 
away  from  the  joint  U2  and  parallel  to  the  member  3.  Perpendiculars  erected  at  the 
ends  of  deformations  2  and  3  will  meet  in  the  new  position  of  Lj.  The  vertical  distance 
between  the  deformation  1  and  point  Lt  represents  to  scale  the  change  in  position  of  Ls 


(&     LJ6 


Deformation 


9  /             /          •-iJd^IJi'          \ 

rmafion  Diagram      gkis  /           /            ^-»^?            \ 

for            lilyu;  /       /  ,,--'       ^-^..   \ 

'mpkTruss        y   V     -^^         /        ^.^V.'_' -Iii^a 


0"   0.1"   az"  ar   ofi  >C  \^  / 


Deformathn  i^H'llh.'-^^  =  O,OOOOi07ln. 

Deformaffon  Diagram 
fbr 

Simple  Truss 

H= 20  000  lb. 
(c) 

Fig.  2.    Williot  Deformation  Diagrams. 

relative  to  the  member  UiU^''  At  Lt  in  the  deformation  diagram  lay  off  deformation 
of  4  =  —  .069  in.,  away  from  the  joint  and  parallel  to  the  member  4,  and  at  Ut  lay  off 
deformation  of  5  =  +  .054  in.,  toward  the  joint  and  parallel  to  the  member  5.  The 
perpendiculars  erected  at  the  ends  of  the  deformations  4  and  5  determine  the  new 
position  of  joint  Li  relative  to  the  other  points.  In  like  manner  p>erpendiculars  erected 
at  the  ends  of  deformations  6  and  7  determine  l/i,  and  finally  perpendiculars  erected 
at  the  ends  of  deformations  8  and  9  determine  Lo.  The  deformation  diagram  for  the 
right  half  of  the  truss  is  constructed  in  the  same  manner.  The  horizontal  line  joining 
Lo  and  Lo'  represents  to  scale  the  movement  of  the  joint  Lo'. 

The   Williot   deformation   diagram  for  the  truss   with  a   horizontal   thrust  of 
H  =  20,000  lb.  is  drawn  in  (c).  Fig.  2,  in  the  same  manner  using  the  values  in  Table  II. 

Calculation  of  Dead  Load  Stresses  in  Arch. — In  Fig.  1,  (b)  is  the  stress  diagram 
for  the  arch  as  a  simple  truss  with  vertical  loads  as  shown  in  (a) ;  and  (d)  is  the  stress 
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diagram  for  the  arch  as  a  simple  truss  with  a  horizontal  thrust,  H',  of  1  lb.  as  shovn  in  (c). 
The  quantities  for  calculating  the  deformations  of  the  simple  trues  with  vertical  loads 
are  given  in  Table  I,  and  the  deformation  diagram  is  shown  in  (6)  Fig.  2.  The  quantities 
for  calculating  the  deformations  of  the  simple  truss  with  a  horiBontal  thrust  of  20,000  lb. 
are  given  in  Table  II,  and  the  deformation  diagram  is  shown  in  (c)  Fig.  2.  The  true 
value  of  /f  is  found  by  the  proportion 

H  :  20,000  : :  0.956  :  0.574 

ff  =  33,400  lb. 

The  stress  diagram  for  the  two-hinged  arch  with  F  =  V  -  42,000  lb.,  and  H  =  H 
-  33,400  lb.  is  shown  in  (6)  Fig.  3. 

The  difference  in  the  stresses  in  the  members  of  a  simple  truss  and  a  two-hinged 
arch  may  be  seen  by  comparing  stress  diagram  (b)  fig.  1,  and  stress  diagram  (,b)  Fig.  3, 


TJvc  Hinged  Arch 
(a) 

Fio.  3.     Stress  Diagrau  for  Arch. 


Stress  Diagnam 


both  diagrams  being  drawn  to  the  sanle  scale.  The  stresses  in  the  arch  may  be  founa 
from  the  stresses  given  in  Tables  I  and  II  by  adding  the  stresses  in  column  4,  Table  I, 
to  the  corresponding  stresses  in  column  4,  Table  II,  multiplied  by  1.67,  the  ratio  between 
the  actual  and  assumed  horizontal  reactions.  For  example,  the  stress  in  \-x  in  the 
arch  equals  +  60,000  -  18,000  X  1.67  =  -f  29,800  lb.  Stress  in  \-y  equals  -  25,000 
+  32,000  X  1.67  =  +  28,440  lb. 

Dead  and  Wind  Load  Stresses  in  Arch. — In  Fig.  4,  (fr)  is  the  stress  diagram  for 
the  arch  as  a  simple  truss  loaded  with  dead  and  wind  loads  as  shown  in  (a).  Table  III 
gives  the  same  data  for  this  case  as  are  given  in  Table  I  for  the  simple  truss  with  verti- 
cal loads.  The  deformation  diagram  for  the  deformations  given  in  column  6,  Table  III, 
is  shown  in  (b)  Fig.  5.  In  drawing  the  deformation  diagram  for  this  case  the  member 
marked  1  was  assumed  to  be  fixed  in  position  and  the  other  members  were  assumed  free 
to  move.  The  horizontal  distance  between  L»  and  L«'  will  be  the  total  deformation 
required. 
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^   4 


Simple  Truss 
Dead  and  Wnd  Loads 

(3) 

X 


Stress  Diagnam     ^^^ 
Dead  and  Wind  Loads     ' 


0 

u 


/ 


Jb—^ 


Simple  Truss 
//-  /lb> 

(c) 


Stress  Digram 
H^llb.       ^ 

id) 


rH^ltth 


Fig.  4.    Stress  Diagrams  for  Truss. 

TABLE  IV. 
Two-hinged  Arch  with  Dead  and  Wind  Loads. 


X 

9 

3 

4 

5 

6 

8 

9 

Member. 

Area,  Sq.  In. 

Length.  L, 
Inches. 

Stress,  S.  Lb. 

Unit  Stress. 

^Lb. 
A 

S'L 
A'£' 

U 

S'l/'L 
A-£    ' 

.   I-« 

^*3 

252 

+  43,500 

+  8,220 

+  .069 

—  0.90 

—  .063 

1-X 

s  %  \ 

192 

+  34,200 

+  6,450 

+  .041 

-0.80 

-.033 

2-Jf 

J  'J 

180 

+  26,500 

+  S,ooo 

+  .030 

-  1.45 

-.045 

\  •  s 

192 

4- 14,200 

+  2,660 

+  .017 

—  0.80 

—  .014 

l'-* 

\  •  4 

252 

+  29,soo 

+  5,550 

+  .047 

—  0.90 

-.042 

I^ 

S  •  J 

216 

-f  18,000 

+  3,400 

+  .024 

+  1.60 

+  .038 

3-y 

J  "3 

192 

-1- 10,000 

+  1,890 

+  .012 

+  2.05 

+  .025 

3^ 

J  •  J 

192 

+  23,000 

+  4,350 

+  .028 

+  2.05 

+  ^57 

I'-y 

S  "J 

216 

+  46,000 

+  8,700 

+  .062 

+  1.60 

+  099 

i-i 

2.0 

ISO 

-      Soo 

—    250 

—  .001 

+  0.75 

—  .001 

2-3 

4.0 

204 

+  6,500 

+ 1,625 

+  .Oil 

-0.4s 

-.005 

r* 

4.0 

ISO 

+  15,800 

+  3,950 

+  .020 

+  0.80 

+  .016 

^H 

4.0 

ISO 

-     4,200 

- 1,050 

—  .005 

+  0.80 

-.004 

""3 

4.0 

204 

+  22,800 

+  5,700 

+  .039 

-0.4s 

-  .018 

I '-2' 

2.0 

ISO 

-   S.ooo 

-2,500 

—  .013 

+  0.75 

—  X>10 

Tota 

il  Deformatic 

^"  =  ^    A^l 

L 

=—  »  .000 

i 
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The  member  marked  1  was  assumed  as  moving  parallel  to  its  original  position  which 
was  incorrect  as  is  shown  by  the  twist  in  the  deformation  diagram  in  (6),  Fig.  5.  The 
Mohr  rotation  diagram,  assuming  that  Lo'  holds  fast,  and  Lo  moves  is  drawn  in  (6), 
Fig.  5.    The  movement  of  a  joint  will  be  the  distance  measured  from  the  point  on  the 


^"^--j 


/.J57//7. 


Uz     I      IJ'z 


>/•/ 
'//// 


0"      0.V'    02"    0.3"    04" 
■  ■  '  '  ■ 


a.".'.'- -"-^L.    \"^r^^^ 

^'% am/n. *J^         \     N  .-:  /        ^eac/. 


Deformsfion  Diagram 

for 

Simple    Truss 


0.574  in. 

Deformation  Diagram 

for        ^ 

Simple  Truss 

H=ZO  000  lb. 

(c) 

Fig.  5.    Wiluot  Deformation  Diagrams. 


Dead  and  Wind  Loads 

(b) 


Deformation  for  H^llb.'^^^  ».  O.OOOOm In. 


rotation  diagram  to  the  corresponding  point  on  the  Williot  deformation  diagram.  For 
example  joint  L\  moves  from  L\  on  the  rotation  diagram  to  L\  on  the  Williot  deforma- 
tion diagram;  Lo,  moves  from  Lo  on  the  rotation  diagram  to  Lo  on  the  Williot  deformation 
diagram.     (The  rotation  diagram  should  preferably  be  drawn  at  the  left  end,  Lo.) 

For  a  further  discussion  of  the  Mohr  rotation  diagram,  see  Chapter  XV. 

The  deformation  diagram  for  the  simple  truss  with  a  horizontal  thrust,  H',  of 
20,000  lb.  is  given  in  (c)  Fig.  5  and  is  the  same  as  that  given  in  (c)  Fig.  2. 

The  true  value  of  Ifis  found  by  the  proportion 

U  :  20,000  :  :  1.357  :  0.574 
U  =  47,300  lb. 

The  stress  diagram  for  the  two-hinged  arch  with  dead  and  wind  loads  and  a  hori- 
zontal thrust,  If,  of  47,300  lb.  is  given  in  (6)  Fig.  6.    The  stresses  in  the  arch  for  this 

22 
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case  may  be  found  from  the  stresses  in  Tables  III  and  II  by  adding  the  stresses  in 
column  4,  Table  III,  to  the  corresponding  stresses  in  column  4,  Table  II,  multiplied  by 
2.865,  the  ratio  between  the  actual  and  assumed  horizontal  reactions. 


Q         210000     40000  5.  X    « 


X, 


Stress  Diagnaw 

(b) 
Fig.  6.    Stress  Diagram  for  Arch. 


Two  Hinged  Arch 
(sj 


As  a  check  on  the  accuracy  of  the  calculations  the  movement  at  Lo'  in  the  arch 
was  calculated  in  Table  IV  and  was  found  to  be  zero  as  it  should  be. 

Arch  With  Horizontal  Tie. — If  a  horizontal  tie  is  used  the  final  deformation  of  the 
arch  will  be  equal  to  the  deformation  of  the  tie. 

Assume  that  the  joints  Lo  and  Lt!  in  (a)  Fig.  3  are  connected  by  a  tie  leaving  3  sq.  in. 
cross-section. 

720 


Ai'E      3X30,000,000 
=  0.000008  in. 


From  equation  (5) 


H  = 


0.956 


0.574 


+  0.000008 


20,000 
=  26,050  lb. 

Temperature  Stresses. — Where  a  horizontal  tie  is  used  and  all  parts  of  the  structure 
are  exposed  to  the  same  conditions  and  range  of  temperature,  the  entire  arch  will  con- 
tract and  expand  freely  and  temperature  stresses  will  not  enter  into  the  calculations. 
Where  the  tie  is  protected  and  where  rigid  abutments  are  used  the  temperature  stresses 
must  receive  careful  attention. 

The  deformation  A'  due  to  a  uniform  change  of  temperature  of  i  degrees  Fahr. 
when  the  arch  is  assumed  to  be  a  truss  supported  on  frictionless  rollers,  will  be  e't'L^ 
where  e  is  the  coefficient  of  expansion  of  steel  per  degree  Fahr.  =  .00000665;  t  equals 
change  in  temperature  in  degreed  Fahr. ;  and  L  equals  the  length  of  .the  span. 
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For  a  change  of  75  degrees  Fahr.  from  the  mean,  the  deformation  will  be 

A'  ==  ±  .00000665  X  75L 

L 

=  =^2:000  (^^ 

For  the  arch  in  Fig.  3 

720" 

^   ==^2:555  ==^^-^^^'^- 

0.36 
This  will  be  equivalent  to  a  change  in  If  of  ±  ^^^        =  db  12,540  lb.    The  stresses 

due  to  temperature  in  the  two-hinged  arch  will  be  equal  to  the  stresses  in  column  4, 
Table  II,  multiplied  by  di  0.627.  The  maximum  stresses  due  to  external  loads  and 
temperature  will  be  found  by  adding  algebraically  the  temperature  stresses  to  the 
stresses  due  to  the  external  loads.  If  the  arch  is  not  erected  at  a  mean  temperature 
this  fact  must  be  taken  into  account  in  setting  the  pedestals. 

Design  of  Two-hinged  Arch« — In  designing  a  two-hinged  roof  arch  proceed  as 
follows:  (1)  With  one  end  free  to  move,  calculate  the  stresses  in  the  arch  as  a  simple 
truss;  (2)  with  an  assumed  horiasontal  reaction,  H',  of,  say,  1  lb.,  calculate  the  stresses 
in  the  arch  as  a  simple  truss;  (3)  as  a  first  approximation  assume  that  all  members 
have  a  unit  area  and  that  J^  is  a  constant.    Then 

where  S  »  total  stress  in  each  member  due  to  external  loads; 

U  s  stress  in  each  member  due  to  a  load  of  1  lb.  acting  in  line  with  the  horizontal 
reaction  H. 
For  the  two-hinged  arch  carrying  dead  loads  from  Table  I  and  T^ble  II,  the  approx- 
imate value  of  H  as  found  by  substituting  in  (7)  is,  H  »  33,000  lb.,  which  checks  the 
true  value  very  dosefly;  (4)  design  the  members  for  approximate  stresses  in  the  arch; 
(5)  calculate  the  deformation  of  the  arch  as  a  truss  for  the  approximate  sections  and 
stresses;  (6)  determine  a  more  accurate  value  of  H  from  the  deformations  as  previously 
described;  (7)  recalculate  the  stresses  in  the  arch,  redesign  the  members,  recalculate 
the  deformations,  recalculate  a  new  value  of  H,  etc.,  until  satisfactory  sections  are 
obtained.  The  second  approximation  is  usually  sufficient.  Corrections  for  horizontal 
tie  and  temperature  should  be  applied  in  making  the  approximations  The  gross  area 
of  the  sections  of  all  members  should  be  used  in  determining  the  deformation  of  the 
members.  If  riveted  tension  members  are  much  weakened,  a  somewhat  smaller  value 
of  E,  say,  26,000,000,  may  be  used  than  the  30,000,000  commonly  used  for  the  com- 
pression members. 

Problem. — For  the  details  of  the  calculation  of  the  stresses  in  a  two-hinged  arch 
with  a  horizontal  tie,  see  Problem  5,  Chapter  XXII. 


CHAPTER  XXI. 

Stresses  in  a  Statically  Indeterminate  Head  Frame. 

Izitroduction. — Head  frames  of  the  4-post  type  are  statically  indeterminate  to  a 
greater  or  less  degree  depending  upon  the  details  of  the  design.  The  4-post  head 
frame  in  Fig.  1  is  statically  indeterminate  both  internally  and  externally.  It  is  statically 
indeterminate  externally  because  the  reactions  cannot  be  calculated  by  statics,  the 
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FiQ.  1.    4-Po8T  Head  Frame. 


distribution  of  the  load  between  the  tower  and  back  brace  not  being  known;  and  is 
statically  indeterminate  internally  because  there  are  redundant  members  in  the  4-post 
tower  and  in  the  bracing  between  the  tower  and  the  back  brace. 
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STRESSES  IN  A  HEAD  FRAME. 
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The  dimensions  of  the  head  frame  and  the  make-up  of  the  members  are  given  in 
Fig.  1.  The  head  sheaves  are  8  ft.  in  diameter,  the  hoisting  drum  is  placed  48  ft.  from 
the  center  of  the  shaft.  The  hoisting  rope  is  l|  in.  round  with  an  ultimate  strength 
of  84,000  lb.  The  calculations  will  be  made  for  the  right  hand  or  near  frame  for  the 
full  breaking  load  of  one  hoisting  rope,  it  being  assumed  that  both  ropes  break  at  the 
same  time.    Stresses  for  other  conditions  may  be  calculated  from  the  stresses  due  to 
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Fig.  2.    Stresses  Due  Direct  Loading. 


84,000  lb.,  the  live  load  stresses  being  proportional  to  the  loads.  The  dead  load  stresses 
may  be  calculated  in  a  manner  similar  to  the  method  given  for  live  loads,  or  since  the 
dead  load  stresses  are  small,  they  may  be  calculated  with  sufficient  accuracy  by  an 
approximate  solution  by  asisuming  that  the  redundant  members  carry  none  of  the  dead 
load.  The  wind  load  stresses  may  be  calculated  in  the  same  manner  as  live  load 
stresses,  or  as  in  the  general  custom  the  4-post  tower  may  be  assumed  to  carry  all  the 
wind  loads,  and  the  bracing  calculated  upon  that  assumption. 

CALCULATION  OF  THE  STRESSES.— The  diagonal  bracing  in  the  tower  will 
be  assumed  as  ties  not  having  initial  tension,  and  the  redundant  diagonals  may  then 
be  omitted.    The  back  brace  and  the  bracing  between  the  tower  and  back  brace  are 
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redundant.  There  will  be  two  cases,  depending  upon  whether  (1)  the  back  brace  alone 
is  considered  redundant  and  the  bracing  is  omitted,  or  (2)  where  the  back  brace  and 
the  upper  horizontal  strut  are  both  considered  redundant.  The  solution  will  cover 
Case  1,  One  Redundant  Member,  and  Case  2,  Two  Redundant  Members.  With  high 
frames  it  is  often  necessary  to  solve  for  3  or  even  4  redundant  members. 

Case  1.  One  Redundant  Member. — The  stresses  may  be  calculated  by  the 
"  Theory  of  Work,"  described  in  Chapter  XVI,  or  the  method  used  in  the  calculation  of 
the  stresses  in  a  two-hinged  arch  in  Chapter  XX  may  be  used. 

Method  of  Work. — The  breaking  stress  of  84,000  lb.  in  the  hoisting  rope  pro- 
duces a  resultant  which  falls  inside  of  the  back  brace.  The  resultant  of  the  stress 
in  the  rope  is  replaced  by  its  components,  a  horizontal  force  H  =  60,000  lb.  acting  in 
line  with  the  top  strut,  a  vertical  force  Pi  «  16,000  lb.  acting  in  line  with  the  left  post, 
and  Pi  =  124,000  lb.  acting  in  line  with  the  right  vertical  post.  These  external  forces 
were  calculated  by  moments  in  the  usual  manner. 
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Fig.  3.    Values  of  U. 


The  stresses  in  the  tower — the  back  brace  being  redundant  is  omitted — for  the 

external  loads  H,  Pi  and  Ps  were  calculated  in  (b)  by  graphic  resolution,  and  the  stresses 

in  the  members  are  given  in  (a).  Fig.  2. 

dS 
The  values  of  tz-  =  U  are  calculated  in  (6),  Fig.  3,  for  a  load  of  1  lb.  acting  in 


dSit 


dS 


line  of  the  back  brace  /Sn-    The  values  of  -rz-  =  U  are  given  in  (a).  Fig.  3. 
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Work  Equations. — The  work  equations  are  given  in  Table  I.    The  members  as 

marked  in  Fig.  5,  are  given  in  column  1 ;  the  cross-sectional  areas  of  the  members  are 

given  in  column  2;  the  lengths,  L,  of  the  members  are  given  in  column  3;  the  stresses 

in  the  members  in  terms  of  Sit — ^the  stress  in  the  back  brace — ^the  method  of  calculating 

dS 
which  will  be  given  presently  are  given  in  column  4;  the  values  of  -j^  =  U  are  given 


dS 


IS 


in  column  5;  values  of  B  =  i— s,  for  E  =  30,000,000,  are  given  in  column  6;  while 

f  dS  \ 

values  of  B'S  I  tt-  I  are  given  in  column  7.  The  stresses  in  column  4  may  be  calcu- 
lated directly  by  algebraic  resolution,  or  the  stress  in  each  member  is  equal  to  the 
stress  due  to  the  direct  loads,  as  given  in  (a),  Fig.  2,  plus  Sn  times  the  stress  U,  in  the 
member  due  to  a  unit  load.  For  example  the  direct  stress  in  Si  from  (a),  Fig.  2,  is 
—  100,000  lb.,  while  the  stress  U  from  (a).  Fig.  3,  is  +  0.700.  The  true  stress  in  the 
member  8i  will  then  be  -  100,000  +  O.lOOSn. 

TABLE  I. 
Calculation  of  Work  Equations  for  Stress  of  84,000  Lb.  in  Hoisting  Rope. 


I 

8 

3 

4                              5                       6 

7 

bcr. 

Sq  In. 

Lensth. 
L,  In. 

Stress,  S,  In  Terms  of 
•S'xs' 

^5i. 

■^-^ 

-(^.) 

St 

2.XI 

240 

— 100,0004-0. 7005*12 

4-0.700 

0.000,003,800 

— 0. 266o-f-o.coo,ooi,8625^ 

s. 

8.08 

192 

4-204,160— I.4535ia 

--I-453 

0.000,000,792 

— o.237o-f-o.ooo,ooi,67o5i. 

s. 

4.60 

144 

4-  60,000— o.42o5i. 

—0.420 

0.000,001,044 

— ao266-fo.ooo,ooo,  188^ 

S4 

8.08 

192 

—  64,1604-0.55051, 

4-0.550 

0.000,000,792 

— 0.0280 -f-o.  000,000, 2385,, 

St 

a.  XI 

240 

— 100,0004-0. 7oo5i, 

4-0.700 

0.000,003,800 

— 0.26604-0.000,001,8625^ 

s. 

8.08 

X92 

4-284,320—2.00051, 

— 2.000 

0.000,000,792 

—0.44504-0.000,003,160.^, 

s, 

4.60 

144 

4-  60,000— o.42o5i, 

— 0.420 

0.000,001,044 

— 0.02664-0.000,000,  i885^. 

s. 

8.08 

192 

— 144,3204-1.  ioo5i. 

4-1. 100 

0.000,000,792 

— 0. 12504-0.000,000,9505,, 

s. 

3.  II 

240 

— 100,0004-0. 7oo5i, 

-fo.700 

a  000,003, 800 

— 0.26604-0.000,001,862.^ 

Su 

8.08 

X92 

4-364,480—2.5505,, 

—2.550 

0.000,000,792 

— O.734o4-o-«)o,oo5,i5o5„ 

Sn 

4.60 

144 

4-  30,000—0.2105,, 

— 0.210 

0.000,001,044 

—0.00664-0.000,000,0475^ 

■j^=  ^S  -si^jj  =J'i,  =  — 2.4a68+aooo,oi7,i775i, 

Sa 

8.08 

636 

^11 

-fi.oo     0.000,002,620 

— y\t — 0.000,002, 62o5i, 

(') 

—  2.4: 

168  -f  0.000,017,177^=^1, 

(a) 

0.000,002,620511 — — yi% 

(3) 

o.ooo,ox9,7975'i,     2.4268 

5i,  —  + 123,000  lb. 

The   sum   of   the    values   of    B'S 


dW 

dSit 


=  SBS 


(  dS\  _ 


\dSiJ^ 


in  column  7  for  members  Si  to  ^n  is 


4268  4-  0.000,017, 177^1,  =  yn.     The  deformation  of  the 


member  Sn  due  to  a  stress  of  Sit  will  be  0.000,002,6205n  =  —  yu.    Equating  the  two 
values  of  yit  and  solving,  we  have  Sn  «  +  123,000  lb. 
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Having  the  stress  Sn  —  +  123,000  lb.  the  stresses  in  the  head  frame  are  calculated 
by  graphic  resolution  as  in  Fig.  4.  The  stresses  may  also  be  calculated  by  substituting 
Sit  -  123,000  lb.  in  the  stresses  in  the  members  as  given  in  column  4,  Table  I.     For 


b 

H'60fi00 


H,-4J70 


Fio.  4.    Stresses  in  Head  Frame,  Back  Brace  Redundant. 


example  the  stress  in  (1-3)  =  £[i  =  -  100,000  +  0.7005i2  =  -  100,000  +  0.700 
X  123,000  =  -  100,000  +  86,100  =  -  13,900  lb.  The  remaining  stresses  may  be 
calculated  in  the  same  manner. 

The  final  stresses  in  the  head  frame  for  live  load  are  given  in  Fig.  5. 

Method  of  Two-Hinged  Arch. — The  stresses,  5,  in  the  tower  due  to  the  external 
loads,  the  back  brace  not  acting  are  calculated  as  in  Fig.  2.  The  values  of  IJ  for  a  load 
of  1  lb.  acting  in  line  with  the  back  brace,  are  calculated  as  in  Fig.  3.     The  deformation 
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^123,000 


Fio.  5.    Stresses  in  Head  Frame,  Back  Brace  Redundant. 

TABLE  II. 

DErORMATION  AT  TOP  OF  HbAD  FrAME   DuE  TO  HOISTINQ  RoPE,   BaCK  BrACE, 

S\\  Not  Acting. 


1 
Member. 

a 

3 

4 

5 

6 

7 

Area.  A^ 
Sq.  In. 

Leneth.  /,. 
Id. 

Stresa.  S, 
Lb. 

A'E* 

1/ 

S'U'L 
A'£   • 

Si 

2.II 

240 

—  100,000 

—  0.380 

+  0700 

—  0.2660 

S^ 

8.08 

192 

+  204,160 

+  0.163 

-  1 453 

.   —0.2370 

s. 

4.60 

144 

+    60,000 

4-  0.0625 

—  0.420 

—  0.0266 

S. 

8.08 

192 

—     64,160 

—  0.0510 

-f  0.550 

—  0.0280 

s. 

2.11 

240 

—  100,000 

—  0.380 

+  0.700 

-0.2666 

s, 

8.08 

192 

+  284,320 

+  0.225 

—  2.000 

-  0.4450 

s, 

4.60 

144 

+     60,000 

+  0.0625 

—  0.420 

—  0.0266 

s. 

8.08 

192 

-  144.320 

—  0.114 

-f  1. 100 

—  0.1250 

s. 

2.11 

240 

—  100,000 

—  0.380 

+  0.700 

—  0.2660 

s,. 

8.08 

192 

+  364,480 

-f  0.287 

-  2.550 

-tim 

v9ii 

4.60 

144 

+  30,000 

4-0.0312 

—  0.210 

■  —  2.4268 

TWO  REDUNDANT  MEMBERS. 
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of  the  upper  right  hand  point  of  the  head  frame  in  line  with  the  back  brace  is  then  calcu- 
lated in  Table  II.  Columns  1,  2  and  3  in  Table  II  are  the  same  as  the  respective  columns 
in  Table  I.  The  stresses  S  in  column  4  are  the  stresses  in  the  tower  when  the  back 
brace  is  not  acting,  and  are  obtained  from  Fig.  2.  The  deformation  of  each  member  is 
given  in  column  5;  the  values  of  U,  obtained  from  Fig.  3,  are  given  in  column  6,  while 

values  of  are  given  in  column  7. 

TABLE  III. 
Deformation  at  Top  of  Head  Frame  Due  to  a  Vai^ue  of  Sii  =  100,000  Lb. 


z 

a 

3 

4 

5 

6 

7 

McniDcr. 

Area.  A, 
Sq.  In. 

Leneth,  L, 

Stress,  y. 
Lb. 

^^^X«oo.ooo. 

1/ 

f/i.Z,^ 

^^^Xxoo.000 

s. 

s. 
s, 
s, 
s, 
s. 

Sn 

2.II 
8.08 
4.60 
8.08 
2.II 
8.08 
4.60 
8.08 
2.II 
8.08 
4.60 

240 
192 

144 
192 

240 

192 

144 
192 

240 

192 

144 

+  70,000 

-  i4S>3a> 

-  42,000 
+  S4,8oo 
+  70,000 

—  200,000 

—  42,000 
-h  110,000 
-f  70,000 

-  254,800 

—  21,000 

+  0.2600 

-T  O.I  150 

—  0.0430 
+  0.0434 
--  0.2600 

—  0.1580 

—  0.0430 
+  0.0864 

4- 0.2600 

—  0.2030 

—  0.0215 

+  0.700 

—  M53 

—  0.420 

+  0.550 
+  0.700 

—  2.000 

—  0.420 
+  1. 100 

4-  0.700 

—  2-550 

—  0.210 

0.1862 
0.1670 

0.0188 
0.0238 
0.1862 
0.3160 
0.0188 
0.0950 
0:1862 
0.5150 
0.0047 

IP-L 

• 

8.08 

636 

100,000 

0.2622 

+  1.00 

0.2620 

p         2.4268 

T4<*  rs^^^\   IVk 

1. 7 1 77    0.262 
100,000   100,000 

123,000  ID. 

The  deformation  of  the  upper  right  hand  point  of  the  tower  in  line  with  the  back 
brace  is  yu  =  —  2.4268  in.  The  deformation  of  the  upper  right  hand  point  of  the 
tower  for  a  value  of  Sn  =  100,000  lb.  is  calculated  in  Table  III,  and  is  yn  =  +  1.7177 
in.  The  deformation  of  Sn  for  a  stress  of  100,000  lb.  =  0.262  in.  The  total  deforma- 
tion will  then  be 

2.4268 
S12  =    7r7::::r  =  123,000  lb. 


1.7177 


+ 


0.262 


100,000   •   100,000 

This  is  the  value  of  the  stress  in  S12  that  was  calculated  by  work  equations. 

Case  2.  Two  Redundant  Members. — If  it  is  assumed  that  the  two  upper  diagonal 
braces  between  the  tower  and  the  back  brace  carry  stress  the  structure  has  two  redun- 
dant members.  This  problem  can  only  be  solved  by  the  "  Theory  of  Least  Work," 
the  method  of  the  two-hinged  arch,  "  Algebraic  Summation,"  not  being  applicable 
to  this  problem. 
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Hr-aZSO 


Fig.  6.    Values  op  t/'. 


Solution. — The  stresses  in  the  tower  due  to  the  external  loads  are  calculated  in 

Fig.  2,  and  are  the  same  as  in  Case  1.     The  stresses,  \J^  in  the  members  due  to  a  stress 

of  1  lb.  in  the  back  brace  are  calculated  in  Fig.  3.     The  values  of  V  are  the  values  of 

d& 

Tz—  for  the  corresponding  members.     The  stresses,  17',  in  the  members  due  to  a  stress 

aoi2 

of  1  lb.  in  the  top  horizontal  strut  are  calculated  in  Fig.  6.     The  values  of  V  are  the 
value,  of  ^  for  the  corresponding  members. 


dS 
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Work  Equations. — The  work  equations  are  given  in  Table  IV.  The  values  in 
columns  1,  2  and  3  are  the  same  as  in  Table  I.  The  stresses  in  the  members  in  terms 
of  the  unknown  stresses  ^\%  and  ^\z  are  given  in  column  4 — these  stresses  may  be  calcu- 
lated directly  by  algebraic  resolution,  or  may  be  found  by  adding  to  the  stresses  in  the 

d& 
tower  due  to  direct  loads  the  unknown  stress  5i2  multiplied  by  the  values  of  ^j^  (V), 
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and  the  unknown  stress  Siz  multiplied  by  j^—  (V),    The  values  of  tz—  =  U.  were  cal- 
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culated  in  Fig.  3;  while  the  values  of  t^  =  ^'  were  calculated  in  Fig.  6.     The  values 
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of  B  in  column  7  were  calculated  for  E  =  30,000,000.    The  values  of  B-Sl  —  j 
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are  given  in  column  8,  and  of  B-S 
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are  given  in  column  9.     Now  the  deforma- 
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tion  of  the  back  brace  will  be  equal  to  tbe  deformation  of  the  tower  in  line  of  the  back 
brace,  and  from  column  8.  the  deformations  are 


-  vit  -  0.000,000,S74iS,t 
Vii  -  0.000,018,g2&Sit  +  0.000,018,64&Si,  -  2.4268 


(1) 
(2) 


T     ta) 
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Adding  equatione  (1)  and  (2)  gives 

0.000,019,799Si,  +  0.000,018,6465,,  "  2.4268  (3) 

From  column  9  the  deformation  of  the  strut,  and  the  tower  in  line  with  the  strut  are 
-  Vii  =  +  0.000,000,6505.1  <4) 
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and  yiz  =  0.000,018,646Si,  +  0.000,031,99951,  -  2.3755 

Adding  equations  (4)  and  (5)  gives 

0.000,018,6465i2  +  0.000,032,649iSii  =  2.3755 
Solving  equations  (3)  and  (6)  for  Sn  and  Su  gives 

Sit  »  +  118,000  lb. 

Siz  =  +      5,400  lb. 


(5) 


(6) 


/^f 


s    !^y^ 


-i-dWlXr^  ^  ^  \H24A00 

FiQ.  8.    Stresses  in  Head  Frame,  Two  Members  Redundant. 

The  stresses  in  the  members  of  the  head  frame  were  calculated  by  graphic  resolu- 
tion in  Fig.  7.  The  stresses  in  members  may  be  calculated  by  substituting  the  true 
values  of  <Su  and  5u  in  column  4,  Table  IV.     For  example  the  stress  in 

^5  =  -  100,000  +  0.7005i,  +  1.6675i, 
^5  =  -  100,000  +  82,600  +  9,000 

=  -  8,400  lb. 

The  stresses  in  the  different  members  of  the  head  frame  are  given  in  Fig.  8. 
The  work  may  be  shortened  and  simplified  if  E  is  taken  as  equal  to  unity.     For  the 
reason  that  E  cancels  out  in  solving  the  equations,  relative  values  of  E  may  be  used. 


CHAPTER  XXII. 

Problems  in  the  Calculation  op  Stresses  in  Statically  Indeter- 
minate Structures,  Camber,  etc. 

Introduction. — The  problems  given  in  this  chapter  illustrate  the  application  of  the 
principles  given  in  the  preceding  chapters.  In  addition  to  the  subjects  already  discussed 
in  Part  11,  the  calculation  of  the  stresses  in  the  frames  of  steel  office  buildings  and 
the  camber  of  truss  bridges  are  discussed  in  detail.  The  actual  details  for  the  solution 
of  the  first  nine  problems  are  shown,  while  the  details  of  the  solution  of  the  remaining 
problems  are  left  to  the  student.  The  problems  in  this  chapter  are  those  solved  in  ad- 
vanced structures  by  the  civil  engineering  students  in  the  University  of  Pennsylvania. 
This  course  is  given  as  a  preliminary  to  a  study  of  cantilever,  arch  and  suspension 
bridges. 

Instructions. — The  problems  are  to  be  solved  on  paper  18"  X  24"  with  a  1"  border 
on  the  left  and  a  3^"  border  on  the  three  remaining  sides  of  the  sheet.  The  drawings  are 
to  be  neatly  finished  in  pencil.  The  specifications  for  executing  the  drawings  are  the 
same  as  for  the  problems  given  in  Chapter  XIII. 

Pboblbm  1.    Deflections  of  Simple  and  Constrained  Beams. 

(a)  Problems. — (1)  Calculate  by  area  moments  the  deflection  at  the  center  of  a 
simple  girder,  span  16'-0";  uniform  load,  w  =  4,000  lb.  per  lineal  ft.;  girder  consists 
of  one  15"  I  @  42  lb.,  and  two  plates  6"  X  H"  X  16'-0".  (2)  Calculate  by  area 
moments  the  deflection  at  the  center  of  a  simple  girder,  span  16'-0";  uniform  load, 
w  =  4,000  lb.  per  lineal  ft.;  girder  consists  of  one  15". I  @  42  lb.,  and  two  plates  6" 
X  W  X  12"-0".  (3)  Calculate  by  the  calculus  method  the  horizontal  deflection  of 
the  upper  right  hand  corner  of  a  girder  consisting  of  one  24"  I  @  80  lb.;  span  30'-0"; 
load  at  center,  P  =  30,000  lb.  (4)  Calculate  by  the  calculus  method  the  horizontal 
deflection  of  the  upper  right-hand  corner  of  the  girder  given  in  (3)  for  a  uniform  load, 
w  =  2,000  lb.  per  lineal  ft.  (5)  Calculate  the  stress  in  an  elastic  steel  prop  with  a 
length  of  10  ft.,  and  an  area  of  4  sq.  in.,  that  supports  the  center  of  a  beam,  made  of 
one  24"  I  @  80  lb.;  span  24  ft.;  uniform  load  w  =  6,000  lb.  per  lineal  ft.  (6)  Calcu- 
late the  stresses  in  elastic  ties  Pi  and  Pa  which  support  a  24"  I  @  80  lb.,  30  ft.  long, 
resting  on  end  supports;  uniform  load  w  =  4,000  lb.  per  lineal  ft. 

(b)  Methods. — The  details  of  the  calculations  are  shown  in  the  problem.  The 
beams  in  (3)  and  (4)  are  supported  on  the  neutral  axis  of  the  beam.  The  foundation 
of  the  prop  in  (5)  has  settled  3/8  in. 

(c)  Results. — If  the  prop  in  (5)  is  rigid  and  the  base  does  not  settle  the  stress  in 
the  prop  will  be  P  =  S/Swl  —  5/8 TT  =  90,000  lb.;  and  the  moment  in  the  beam 
at  a  point  x  from  the  left  end  will  be  M  =  3^(144,000  -  90,000)x  -  j/^wz^  If  the 
deflection  of  the  base  is  equal  to  the  deflection  of  the  beam  under  full  load  =  0.715  in., 
there  will  be  no  stress  in  the  prop.  It  will  be  noted  that  the  stresses  in  elastic  ties  or 
elastic  props  will  vary  directly  as  the  area,  and  inversely  as  the  length  of  the  tie  or  prop. 
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Problem  2.    Stresses  in  a  Continuous  Girder  of  Two  Equal  Spans,  with 
Variable  Moment  of  Inertia.    Method  of  Area  Moments 

(a)  Problem. — Given  a  girder  with  two  spans  of  60  ft.  each,  the  total  length 
being  120  ft.  The  girder  is  symmetrical  about  its  center  line.  The  relative  values  of 
the  moments  of  inertia,  7,  at  the  following  distances  from  the  outside  ends  are: 

0  to  12  ft.,  /  =  1.00 
12  to  36  ft.,/  =  1.38 
36  to  48  ft.,  /  =  1.15 
48  to  60  ft.,  I  =  1.92. 

Required  (1)  to  calculate  the  reactions  for  a  uniform  load  of  w  lb.  per  lineal  foot  by 
area  moments,  and  (2)  to  calculate  the  bending  moments  and  shears  at  any  point  in  the 
girder  by  means  of  curved  influence  diagrams. 

(b)  Methods. — The  method  of  area  moments  will  be  used  in  both  solutions. 

(1)  Reactions  by  Area  Moments, — Take  a  simple  beam  with  a  span  of  I  =  120  ft., 
having  the  same  cross-section  as  the  girder,  and  loaded  with  a  uniform  load  of 
w  pounds  per  lineal  foot,  as  in  (a).  The  bending  moment  diagram  will  be  a  parabola 
with  a  maximum  ordinate  at  the  center,  M  »  y^w-V^  »  l,800ii7.  To  calculate  the 
deflection  in  the  beam  due  to  the  load,  w,  load  the  transformed  beam  in  (6)  with  a 
Icrad  =  Mil. 

The  equation  x)f  the  bending  moment  parabola  with  the  origin  of  co-ordinates  at  the 
left  support  is  y  =  }^whx  —  y^wx^;  the  area  of  a  segment  of  the  parabola  is 

A  =  W'hxyi  -  wa:»/6.  (1) 

■ 

The  areas  of  the  segments  divided  by  7,  are  as  follows: 

Ai  =    4,032u7  (sq.-ft.-lb.) 
At  =  19,618«?  " 

At  =  17fiS0w  " 

A4  =  11,100U7  " 

The  center  of  gravity  measured  back  from  x  is 

^       x'(2Z  -  X, 

(For  formulas  giving  the  areas  and  centroids  of  moment  areas,  see  Fig.  16, 
Chapter  XIV.) 

The  centers  of  gravity  of  the  segments  of  the  parabola  were  calculated  by  equation 
(2)  as  follows: 

„       x(240  -  x)       12(240  -  12)  _ 

''^  -    720  -  4x    -      720  -  48      ~  ^'^^  ^^'' 

and  the  distance  of  the  center  of  gravity  of  Ai  from  the  center  of  the  beam,  d,  is  48  ft. 
+  4.07  ft.  =  52.07  ft. 
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The  center  of  gravity  of  the  part  of  the  dotted  parabola  about  the  point,  b,  is 

^      a;(240  -  x)      36(240  -  36)  _ 
720  -  4x  720  -  144 

The  center  of  gravity  of  the  dotted  At  about  the  point  b  will  be 

.  (Area  Ai  +  Area  iig)  12.75  ft.  -  Area  Ai  X  28.07  ft. 

Area  At 
31,104w  X  12.75  -  4,032w  X  28.07  ft. 

27,072t£^ 
=  10.47  ft. 

and  the  distance  of  the  center  of  gravity  of  A%  from  the  center  of  the  beam,  d,  is  24  ft. 
+  10.47  ft.  =  34.47  ft. 

The  centers  of  gravity  of  A3  and  A4  are  calculated  in  the  same  manner. 

The  bending  moment  at  the  center  of  the  beam,  (&),  will  be  E  times  the  deflection 
at  the  center  of  the  beam,  (a). 

M  =  £•  A  =  i?^  V  60  ft.  -  Ai  X  52.07  ft.  -  At  X  34.47  ft.  -  A,  X  17.88  ft.  -  Aa 

X  5.96  ft. 
=  51,780w7  X  60  ft.  -  4,032m;  X  52.07  ft.  -  19,618m;  X  34.47  ft.  -  17,030m; 

X  17.88  ft.  -  11,100m;  X  5.96  ft. 
=  1,850,340m;  (cu.-ft.-lb.)  (3) 

Now  load  the  same  beam  with  a  load  of  1  lb.,  as  in  (c).  The  bending  moment 
diagram  is  a  triangle  with  a  center  height  of  M  =  JiP-i  =  30  ft.-lb.  The  beam  is 
loaded  with  the  bending  moment  divided  by  the  moment  of  inertia  at  each  point. 

The  areas  of  the  different  sections  of  the  moment  diagram  are: 

Bi  =    36     (sq.-ft.-lb.). 
Bt  =  208.7 
Bt  =  219.1 
B4  «  168.7 

The  centers  of  gravity  are  as  shown  in  (c).  Then  the  bending  moment  at  the 
center  of  the  beam  (&),  will  be  E  times  the  deflection  of  the  beam  (c)  due  to  a  center 
load  of  1  lb. 

Ml  =  E'A'  =  ft  X  60  ft.  -  Bi  X  62  ft.  -  ft  X  34  ft.  -  ft  X  17.71  ft. 

-  B4  X  5.78  ft. 
=  632.5  X  60  ft.  -  36  X  52  ft  -  208.7  X  34  ft.  -  219.1  X  17.71  ft. 

-  168.7  X  5.78  ft. 
=  24,137  (cu.-ft.-lb.).  (4) 

Now  the  center  reaction  of  the  draw  span  will  be  equal  to  equation  (3)  divided  by 
equation  (4),  and 

ft  =  1,850,340m;  -^  24,137 

=  76.67m;. 
The  left  reaction  is 

ft  =  J^(120m;  -  76.67m;) 

=  21.665m;. 
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The  bending  momeDt  at  the  center  support  of  the  girder  is 

Mi  »  21.665tr  X60ft.-60irX30ft. 
«  5OO.I1C  (ft.-lb.). 

(2)  Beaetians  and  Stresses  by  Influence  Diagrams, — ^The  girder  in  (e)  Problem  2  h&s 
the  same  spans  and  the  same  eross-seetion  as  the  girder  in  (a).  Constract  a  moment  area 
diagram  in  (/ )  in  which  the  ordinate  at  each  pcnnt  is  equal  to  the  MI  for  the  point 
due  to  a  reaction  Bs  «=  1.  (The  scale  in  (/)  is  not  the  same  as  the  scale  in  (d).)  Di^ade 
the  'moment  area  diagram  in  ( / )  into  s^^ments  and  «.sRnine  that  the  area  oi  each  seg- 
ment is  a  load  acting  through  the  center  of  gravity  (A  the  segment.  With  the  segments 
as  loads  construct  a  force  polygon  with  a  convenient  pole  distance  as  shown;  and  draw 
the  equilibrium  polygon  in  (g).  The  equilibrium  polygon  in  (y)  is  the  influence  dif^jam 
for  the  reaction  Rt;  see  Fig.  21  and  Fig.  22,  Chapter  XIV. 

For  a  uniform  load  w,  the  middle  reaction  is,  fit  =  (area  influence  diagram)  h-  (ordi- 
nate c  »  2.46).  The  area  of  the  curved  influence  diagram  for  H  —  10,(K)0  8q.-ft.-lb. 
as  measured  by  a  planimeter  is  188.5tr,  and 

Bt  =  188.5W  -^  2.46  =  76.66tr. 

For  concentrated  loads  Pi  and  Pt  at  the  midnspans  from  equation  (54),  Chapter 
XIV, 

JB,  =  ^p,  X  1.75  +  PtX  1.75)  -5-  2.46  =  0.7115(Pi  +  P,). 

IfP,  =  P,^P. 

Rt  =  1.423P. 

Reactions  Ri  and  Rt  are  calculated  as  shown. 

The  moment  influence  diagram  for  a  point  10  ft.  from  the  left  reaction  is  drawn  in 
(A).  The  shear  influence  diagram  for  a  point  10  ft.  from  left  reaction  is  drawn  in  (i). 
For  a  discussion  of  moment  and  shear  influence  diagrams,  see  Chapter  XIV. 

(c)  Results. — The  area  moment  solution  may  be  solved  algebraically  or  graph- 
ically. The  influence  diagram  solution  for  a  girder  with  variable  moment  of  inertia 
is  very  easy  to  solve  by  graphics  but  very  tedious  to  solve  by  algebra.  The  influence 
diagram  has  the  decided  advantage  that  it  gives  the  reactions,  moments,  etc.  for  fixed 
and  moving  uniform  loads  and  for  fixed  and  moving  concentrated  loads. 
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Problem  3.    Stresses  in  Continuous  Girder  of  Three  Spans,  with  Variable, 

Moment  of  Inertia.  , 

(a)  Problem. — Given  a  continuous  girder  of  three  spans,  15'-0",  12'-0"  and  16'-0'^ 
respectively.  The  moments  of  inertia  of  the  girder  have  relative  moments  of  inertia 
for  distances  from  the  left  suppK}rt  as  follows:  0  to  6  ft.,  /'  =  /;  6  ft.  to  12  ft.,  /'  =  4/3  /; 
12  ft.  to  18  ft.,  r  =  3/2  /;  18  ft.  to  24  ft.,  /'  =  /;  24  ft.  to  29'-2",  i'  «  3/2  /;  29'-8" 
to  37'-8",  /'  =  4/3  7;  37'-8"  to  43',  /'  =  7.  Calculate  the  reactions  Rb  and  Re  for 
Cooper's  £  60  loading  by  the  influence  diagram  method. 

(b)  Methods. — The  influence  diagrams  for  a  continuous  girder  of  three  spans 
may  be  calculated  (1)  by  the  graphic  method  or  (2)  by  the  algebraic  method.  The 
graphic  method  is  the  simpler  and  will  be  given  first.  The  algebraic  method  will  give 
the  greater  precision  and  should  ordinarily  be  used. 

(1)  Graphic  Solution. — The  method  of  constructing  the  influence  diagrams  for  a 
continuous  beam  of  three  spans  is  explained  in  Chapter  XIV.  Apply  a  unit  load  in 
line  with  Rb  and  load  a  simple  beam  in  (&)  with  the  bending  moment  polygon  due  to  a 
unit  load  applied  at  Rb-  The  diagram  in  (b)  is  constructed  to  give  Af  -^  7  at  any  point 
in  the  beam.  The  segments  of  the  moment  area  are  assumed  to  act  through  the  center 
of  gravity  of  the  segment.  The  areas  of  the  segments,  divided  by  7  are  given  in  (a). 
The  areas  of  the  segments  divided  by  7  are  laid  off  as  loads  in  (d)  and  with  a  pole  H,  the 
equilibrium  polygon  with  full  lines  in  (c)  is  drawn.  In  the  same  manner  the  equilibrium 
polygon  with  a  unit  load  in  line  with  Re  is  drawn  in  (c'),  with  force  polygon  (d')  and 
pole  H',  and  is  the  polygon  with  dotted  lines.  Now  redraw  the  eqiulibrium  polygon 
given  in  (c')  in  (c),  multiplying  each  ordinate  by  y/fye^  28,0/22.7,  so  that  the  dotted  equi- 
librium polygon  in  (c)  will  pass  through  the  point  10.  The  dotted  equilibrium  polygon 
in  (c)  may  be  drawn  by  using  the  force  polygon  in  (d')  with  a  pole  distance  Hi  «=  y/ 
•  H/ye  =  28.0  X  8.00  -^  22.7  =  9.86.  The  closing  line  of  the  force  pojygon  is  parallel 
to  the  closing  line  of  the  equilibrium  polygon. 

The  influence  diagram  for  Re  is  drawn  in  the  same  manner  atid  is  given  in  {c'). 
With  force  polygon  (d)  and  pole  Tfi  =  ys-TT  -^  y'jj  =  8.8  the  full  equilibrium  polygon 
is  drawn  in  (c')  through  point  9'. 

The  influence  ordinates  in  (c)  are  laid  off  in  (e)  to  a  scale  such  that  the  ordinate  at 
Rb  is  unity.  The  influence  ordinates  in  (c')  are  laid  off  in  (e)  to  a  scale  such  that  the 
ordinate  at  Re  is  unity. 

The  reaction  at  Rb  for  any  load  P  on  either  span  will  be  equal  to  the  ordinate  to 
curve  Rb  under  the  load  in  (e),  multiplied  by  P. 

To  calculate  the  reactions  for  a  Cooper's  E  60  loading  construct  diagram  in  ( / ) 
on  tracing  linen.  The  wheels  1,  2, 3,  etc.,  are  spaced  to  scale  as  shown.  The  loads  are 
laid  off  so  that  each  load  represents  a  unit  on  the  influence  diagram. 

Now  to  calculate  the  reaction  Re  for  any  position  of  the  wheels,  place  the  engine 
diagram  over  the  influence  diagram  and  record  the  height  of  the  ordinate  in  line  with 
each  load.  The  algebraic  sum  of  the  ordinates  to  the  influence  diagram  will  be  the 
reaction  Re.  With  wheel  4  over  Re  the  reaction  at  Re  will  be,  —  3.3  +  5.0  +  20.5 
+  30.0  +  4.5  =  86.7  thousands  of  pounds  =  86,700  lb. 

Reaction  Rb  may  be  calculated  in  the  same  manner. 
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(2)  Algebraic  Solution. — The  beam  with  a  span  h  +  h  +  U  —  43'-0"  is  loaded 
in  (b)j  Problem  3b  with  a  loading  such  that  the  load  at  any  section  multiplied  by  the 
I  of  that  section  will  be  equal  to  the  bending  moment  at  the  given  section  for  a  unit 
load  applied  in  line  with  J?b.  (The  ordinate  B-B'  in  (6)  was  taken  equal  to  2.00  in 
place  of  the  correct  value  for  a  unit  load,  which  is  0.977.  The  loading  at  any  section 
is  therefore  proportional  to  the  proper  loading.)  The  segments  of  the  beam  are  taken 
3  ft.  long  in  the  first  span,  3  ft.  long  in  the  middle  span  and  2  ft.  8  in.  long  in  the  third 
span,  and  the  area  of  each  segment  is  assumed  to  act  through  the  centroid  of  the  seg- 
ment. The  beam  is  also  loaded  in  (b')  with  a  similar  loading  for  a  unit  load  applied  in 
line  with  Re.  (The  ordinate  C-C  in  (b')  was  taken  equal  to  2.00  in  place  of  the  correct 
value  for  a  unit  load,  which  is  1.005.  The  loading  for  any  section  is  therefore  propor- 
tional to  the  proper  loading.) 

The  bending  moments  for  the  beam  loaded  as  in  (6)  are  calculated  by  applying  the 
following  theorem.  ''The  bending  moment  at  the  right  edge  of  any  segment  is  equal 
to  the  bending  moment  at  the  right  edge  of  the  preceding  segment,  plus  the  shear  at  the 
left  edge  of  the  segment  multiplied  by  the  length  of  the  segment,  minus  the  static 
moment  of  the  segment  about  the  right  edge  of  the  segment.'' 

The  quantities  in  Table  I  are  as  follows: — The  number  of  the  segment  is  given  in 
column  1.  The  area  of  each  segment.  A,  is  given  in  column  2.  The  distance  from  the 
median  of  each  segment  to  a  line  through  the  center  of  gravity  of  each  segment,  6,  is 
given  in  column  3.  The  distance  from  the  right  edge  of  each  segment  to  a  line  through 
the  center  of  gravity  of  the  segment,  e',  is  given  in  column  4.  Values  of  A  -^  /  are  given 
in  column  5.  The  distance  from  the  right  end  of  the  beam  to  the  center  of  gravity 
of  each  segment  is  given  in  column  6.  The  moment  of  any  segment  about  the  right 
reaction.  Mi  —  A 'a/ 1,  is  given  in  column  7.  The  value  of  the  left  reaction  is 
Ri  =  2Mi  -^  I  =  805.53  •^  43.00  =  18.72.  The  value  of  Ri  -  2A/I  at  the  left 
edge  of^each  segment  is  given  in  column  8.  The  length  of  each  segment  is  given  in 
column  9.  The  shear  to  the  left  of  each  segment  is  multiplied  by  the  length  of  each 
segment  and  the  value  =  (Ri  —  ZA//)AX  is  given  in  column  10.  The  moment  incre- 
ment for  each  segment  is  Af'  =  (Ri — XA/I)AX  —  A  •  e'/I,  and  is  given  in  column  12.  The 
bending  moment  about  the  right  edge  of  any  segment  M  =  2Af'  is  given  in  column  13. 
From  Fig.  23,  Chapter  XIV,  and  from  Problem  3,  it  will  be  seen  that  the  influence  or- 
dinates  for  Rb  will  be  equal  to  (the  ordinates  in  column  13,  Table  I)  minus  (the  ordi- 
nates  in  column  13,  Table  II,  multiplied  by  a  factor  (^2)  that  will  make  the  value  of  M 
for  segment  5  in  Table  I  equal  the  value  of  segment  5  in  Table  II).  Ki  =  199.29  -i-  218.61 
=  0.912.  Values  of  K2-  Cj  are  given  in  column  14.  The  values  of  the  intercepts  between 
the  influence  diagrams  are  given  in  column  15.  The  values  of  the  intercepts  divided 
by  the  intercept  at  5  in  column  15,  are  given  in  column  16.  The  values  in  column  16 
are  the  ordinates  to  the  influence  diagram  at  the. right  of  each  segment  for  reaction  Rb» 

The  values  in  Table  II  are  calculated  in  the  same  manner.  Due  to  symmetry,  the 
values  of  l^i  and  Ki  are  equal.     In  general  the  values  of  Ki  and  Ki  are  not  equal. 

The  influence  diagrams  for  Rb  and  Re  are  drawn  in  (c).  The  ordinate  for  curve 
for  Rb  is  unity  at  section  5,  while  the  ordinate  for  curve  for  Re  is  unity  at  section  9. 

The  influence  diagrams  when  calculated  by  algebraic  methods  are  more  accurate 
than  when  calculated  by  graphic  methods,  due  to  the  fact  that  the  influence  ordinates 
are  equal  to  the  differences  of  ordinates  to  bending  moment  polygons. 
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Pboblem  4.    Calculation  of  Stresses  in  a  Trussed  Beam. 

(c)  Problem. — Given  a  timber  beam  12  in.  wide  and  14  in.  deep,  span  28  ft.  center 
to  center  of  supports.  The  beam  is  trussed  with  a  center  post  8  in.  by  10  in.  in  cross- 
section  and  5  ft.  long,  and  two  rods  1  in.  round.  Load,  including  weight  of  beam,  is 
w  =  1,500  lb.  per  lineal  foot.  Calculate  the  stresses  in  the  beam  and  in  the  steel  rods. 
Modulus  of  elasticity  for  timber  is  Et  »  1,500,000  lb.  per  sq.  in.,  for  steel  is  ^«  =  30,- 
000,000  lb.  per  sq.  in. 

(b)  Methods. — Take  the  vertical  post,  member  1,  as  the  redundant  member. 
Then  the  vertical  deflection  of  the  beam  plus  the  vertical  deflection  of  the  steel  rods 
will  equal  the  deformation  of  the  post,  member  1.  Apply  a  load  of  1  lb.  in  line  with 
member  1,  and  calculate  the  values  of  U  in  the  members.  The  stresses  in  the  members 
due  to  the  load  Si  are  calculated  as  shown.  The  vertical  deflection  of  the  beam  in  line 
with  the  post,  due  to  direct  stress  will  be,  B,S.U.  =  A,'  =  0.0000026 liSi,  while  the 
vertical  deflection  of  the  beam  due  to  a  load  of  w  per  lineal  foot  acting  downward  and 
a  load  Si  acting  upward  will  be  A/'  =  5Pr-P  -^  384^-7  +  Sid^  ^  ASE-I  =  -  5.040 
+  0.0001920iSii.  The  vertical  deformation  in  the  rods  due  to  a  load  of  Si  will  be  At 
«  2(0.0000083850. 

The  total  vertical  deformation  from  the  center  of  the  beam  to  the  rods  will  be 
A  =  A,'  +  Aj"  +  A,  =  -  5.040  +  0.000211375,,  which  will  equal  the  deformation  of 
the  vertical  post,  Ai  =  0.0000005iSi.     Equating  the  deformations  and  solving  gives 
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Si  =  +  23,900  lb.    The  stresses  in  the  beam  will  be  /c  =  +  1,035  or  -  637  lb.  per 
sq.  in.    The  stresses  in  the  post  and  rods  are  as  shown  in  the  problem. 

(c)  Results. — The  deflection  of  the  beam  without  the  trussed  post  will  be  5.04  in. 
at  the  center  The  deflection  at  the  center  of  the  beam  with  the  truss  post  acting  will 
be  5.04  -  0.000192  X  23,900  =  0.45  in.  If  the  center  of  the  beam  did  not  deflect 
the  load  in  the  center  support  would  be  i^t  =  5ir-L/4  —  26,250  lb. 

Approximate  SoltUian. — For  an  approximate  solution  assume  that  the  stress  in  the 
post  is  iSi  »  A  »  dw'L/i;  =  26,250  lb.    The  results  will  be  on  the  safe  side. 


Problem  5.    Calculation  of  the  Stresses  in  a  Two-hinoed  Roof  Arch. 

(a)  ProblenL — Given  a  two-hinged  roof  arch  with  a  span  of  60'-0",  a  rise  of  15'-0'', 
and  other  dimensions  and  loads  and  sections  as  given  in  Problem  5.  The  horizontal  tie 
has  a  cross-sectional  area  of  3.00  sq.  in.  Required  to  calculate  the  stresses  in  the  arch 
by  the  ''Method  of  Algebraic  Summations."  Also  check  the  deformations  of  the  arch 
by  the  "Williot  Diagram  Method." 

(b)  Methods. — The  stresses  are  calculated  by  the  "Method  of  Algebraic  Summa- 
tion" as  described  in  Chapter  XV.  Draw  the  Williot  deformation  diagrams  as  de- 
scribed in  Chapter  XV  and  Chapter  XX. 

Assume  that  the  areas  of  all  the  members  of  the  arch  including  the  horizontal  tie 
are  equal,  and  calculate  the  stresses  in  the  arch  by  the  ''Method  of  Algebraic  Summa- 
tion," and  compare  the  with  results  calculated  above. 

(c)  Results. — The  stresses  in  the  arch  will  vary  inversely  with  the  area  of  the  hori- 
zontal tie.  It  should  be  noted  that  the  deformation  of  the  horizontal  tie  will  be  equal 
to  the  deformation  of  the  arch  in  line  with  the  horizontal  tie.  If  the  arch  and  the  hori- 
zontal tie  are  subjected  to  the  same  range  of  temperature  and  if  the  tie  and  one  end  of 
the  arch  are  free  to  move,  there  will  be  no  stresses  due  to  a  change  in  temperature. 
If  the  tie  is  embedded  in  concrete  in  the  floor  and  is  protected  so  that  it  does  not  change 
its  temperature  there  will  be  stresses  in  the  arch  due  to  a  change  of  temperature,  which 
should  be  calculated  as  described  in  Chapter  XX. 


IN  TWO-HINGED  ARCH. 
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Problem  6.    Calculate  the  Stresses  Due  to  Vertical  Loads  and  Wind  Loads 

IN  A  Framed  Bent  with  Three  Redundant  Members. 

(a)  Problem. — Given  a  steel  framed  bent  54  ft.  bigh  and  12  ft.  wide,  carrying 
two  vertical  loads  of  50,000  lb.  each,  and  a  horizontal  wind  load  of  4,000  lb.  at  the  top  of 
each  story.  The  diagonals  are  made  of  angles  capable  of  taking  either  tension  or  com- 
pression.    Calculate  the  stresses  in  all  the  members  of  the  framed  bent. 

(b)  Methods. — Assume  that  the  diagonals  that  will  be  in  compression  are  redund- 
ant as  in  (c).  With  the  redundant  members  not  acting  calculate  the  stresses  in  the 
remaining  members  of  the  framework  as  shown  in  (6).  Calculate  the  stresses  in  the 
members  due  to  a  compression  of  1  lb.  acting  in  line  with  Si]  call  these  stresses  Ui. 
Calculate  the  stresses  in  the  members  due  to  a  compression  of  1  lb.  acting  in  line  with 
&;  call  these  stresses  C/j.  Calculate  the  stresses  in  the  members  due  to  a  compression 
of  1  lb.  acting  in  line  with  Sz;  call  these  stresses  Uz.  Now  the  true  stress  in  each  member 
will  be  the  stress  in  the  member  when  the  redundant  members  are  not  acting,  plus  the 
stress  in  the  member  due  to  the  stress  in  each  redundant  member  acting  separately  as  a 
load  on  the  structure.  The  true  stress  in  member  2-a  will  be  iSja  =  +  56,000  — 
0.833  Si.  The  true  stress  in  member  2-3  will  be  Sm  =  +  8,000  -  0.555  Si  -  0.555  &, 
etc.  The  deformation  of  the  framework  in  line  with  Si,  S2,  and  Szi  is  given  in  columns  9, 
10  and  11,  respectively.  Equating  the  deformation  of  the  structure  in  line  with  each 
redundant  member  to  the  deformation  of  the  redundant  member  gives  three  simul- 
taneous equations  containing  Si,  S2  and  Sz.  The  solutiod  of  these  three  equations  gives 
Si  =  +  18,670  lb.;  St  ^  +  21,570  lb.,  and  Sz  =  +  26,070  lb. 

Substituting  these  values  of  Sij  S2  and  Sz  in  column  8,  will  give  the  true  stresses 
as  in  (d). 

(c)  Results. — It  will  be  seen  that  the  diagonal  bracing  carries  part  of  the  vertical 
loads.  If  the  horizontal  members  were  made  very  large  the  deformations  of  these 
members  may  be  neglected  and  it  will  be  seen  that  Si  =  Si  =  Sz. 

Problem  7.    Calculation  of  the  Stresses  in  a  Steel  Building  Frame. 

(a)  Problem. — Given  a  6  story  steel  frame  building.  Steel  transverse  bents  20^-0" 
centers.  Columns  in  bent  spaced  16'-'0'  centers.  Lower  story  height  20'-0"  centers, 
all  other  stories  1 2'-0''  centers.  The  bent  has  six  stories  and  three  bays,  consisting  of 
vertical  columns  and  horizontal  girders,  with  rigid  joints.  Wind  load  30  lb.  per  foot 
horizontal.  Upper  horizontal  wind  load  =  4,000  lb.;  lower  wind  load  =  8,000  lb.; 
all  other  wind  loads  =  6,000  lb.  Calculate  the  moments  and  direct  stresses  in  the 
eolumns  and  girders. 

(b)  Methods. — The  building  frame  given  in  this  problem  is  a  statically  indeter- 
minate structure  and  the  true  bending  moments  and  direct  stresses  can  only  be  calculated 
by  taking  the  deformations  into  account.  The  longitudinal  deformations  of  the  columns 
and  girders  are  very  small  and  may  be  neglected.  The  equations  for  equilibrium  of 
the  statically  indeterminate  frame  are  obtained  by  applying  the  conditions  for  equilib- 
rium, XiM'X'da/E'I)  =  0,  XiM-yds/E-I)  =  0,  and  X{M'dsfE>I)  =  0,  and  are  as 
follows: 

From  the  condition  for  equilibrium  X(M^X'd8/E'I)  =  0. 

(1)  The  algebraic  sum  of  the  bending  moments  in  the  ends  of  the  girders  in  any 
bay  will  be  equal  to  the  total  vertical  shear  in  the  bay  multiplied  by  the  length  of  girders 
center  to  center  of  columns. 
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From  the  condition  for  equilibrium  X(M*ydslE-I)  =  0. 

(2)  The  algebraic  sum  of  the  bending  moments  at  the  tops  and  bottoms  of  the 
columns  in  any  story  will  be  equal  to  the  total  horizontal  shear  in  the  story  multiplied 
by  the  story  height  center  to  center  of  horizontal  girders. 

From  the  condition  for  equilibrium  2(M'd8lE'I)  =  0. 

(3)  The  algebraic  sum  of  the  bending  moments  about  any  joint  in  the  frame  will 
equal  zero. 

(4)  The  change  in  the  slope  of  each  column  between  the  horizontal  girders  is  equal 
to  the  sum  of  the  horizontal  moment  area  divided  by  E'l  for  each  column. 

(5)  The  change  in  the  slope  of  each  horizontal  girder  between  the  columns  in  each 
bay  is  equal  to  the  sum  of  the  vertical  moment  areas  divided  by  E-I  for  each  girder. 

If  the  longitudinal  deformations  of  the  framework  are  neglected  and  the  joints  are 
assumed  as  rigid,  (a)  there  will  be  no  vertical  deflections  of  ends  of  girders,  (b)  the 
horizontal  deflections  of  all  columns  will  be  the  same  in  any  story,  and  (c)  the  tangents  to 
the  neutral  axis  of  all  members  meeting  at  a  joint  will  rotate  through  the  same  angle  6. 
In  Problem  9  there  will  therefore  be  28  unknown  slopes  and  6  unknown  horizontal 
deflections,  or  a  total  of  34  unknowns.  Due  to  symmetry,  the  unknown  slopes  will 
reduce  to  14,  which,  together  with  the  6  unknown  horizontal  deflections,  will  give  20 
unknowns. 

This  problem  is  most  easily  solved  by  the  "Slope  Deflection  Method"  in  Chapter 
XVIII.  By  applying  equations  (4)  and  (5),  in  Chapter  XVIII  to  the  condition  equa- 
tions for  2{M'd8lE'I)  above,  the  slopes  and  horizontal  deflections  will  be  expressed 
in  terms  of  the  bending  moments  at  the  ends  of  each  member.  (For  the  calculation  of 
the  moments  in  a  steel  frame  office  building  by  the  *' Slope  Deflection  Method,"  see 
"  Wind  Stresses  in  the  Steel  Frames  of  Office  Buildings,"  by  Wilson  and  Maney,  Bulletin 
No.  80,  University  of  Illinois  Engineering  Experiment  Station).  The  problem  mAy 
also  be  solved  by  the  "Moment  Area  Method"  in  Chapter  XVII,  or  by  the  "Work 
Method"  in  Chapter  XVI.  (For  the  calculation  of  the  moments  in  a  steel  frame 
oflSce  building  by  the  "  Work  Method,"  see  article  by  Albert  Smith,  Journal  Western 
Society  of  Engineers,  April,  1915). 

To  calculate  the  true  stresses  not  only  requires  a  very  large  amount  of  labor  but 
also  requires  that  the  column  and  the  girder  sections  be  known.  The  following  ap- 
proximate method  has  been  found  to  give  values  for  the  moments  and  the  stresses  that 
agriee  closely  with  the  true  values,  and  enables  the  stresses  to  be  calculated  before  the 
sections  of  the  girders  and  columns  are  determined. 

Approximate  Solution. — In  the  two  story  double  bay  frame  shown  in  the  upper 
right  hand  corner  of  Problem  7,  assume  that  the  frame  is  divided  into  two  bents,  and 
that  each  bent  carries  one-half  of  the  total  load  as  shown.  In  either  bent  the  shear  in 
the  columns  will  be  assumed  as  equal.  There  will  be  a  point  of  contra-flexure  at  the 
center  of  each  girder.  There  will  be  a  point  of  contraflexure  in  each  column  near  the 
center  of  each  story  height  (the  point  of  contraflexure  will  be  assumed  as  coming  midway 
between  the  horizontal  girders).  Each  bent  is  now  statically  determinate  and  the  bend- 
ing moments  and  the  stresses  may  be  calculated.  The  moments,  shears  and  stresses  in 
the  middle  columns  are  added  algebraically.  It  will  be  noted  (1)  that  the  shear  in  the 
center  column  is  twice  the  shear  in  the  outside  columns,  and  (2)  that  there  will  be  no 
vertical  stresses  in  the  middle  column. 
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The  moments  and  stresses  in  the  given  steel  frame  were  solved  by  dividing  the 
frame  into  three  six-story  bents,  each  of  which  carries  one-third  the  total  load  at  each 
floor.  The  stresses  are  calculated  in  one  bent  as  shown  in  (c),  and  the  moments  and 
stresses  in  the  steel  frame  are  as  shown  in  (6).  Referring  to  (a)  it  will  be  seen  that  the 
shear  in  each  interior  column  in  any  story  will  be  twice  the  shear  in  each  outside  column. 
The  vertical  shear  in  the  girders  in  all  bents  will  be  equal.  The  moments  in  each  column 
will  be  equal  to  the  horizontal  shear  in  the  column  multiplied  by  the  distance  from 
the  point  of  contraflexure  to  the  joint  (6  ft.) ;  while  the  moment  in  each  girder  will  be 
equal  to  the  vertical  shear  on  the  girder  multiplied  by  the  distance  from  the  point  of 
contraflexure  to  the  joint  (8  ft.).  The  sum  of  the  bending  moments  about  any  joint 
will  be  equal  to  zero. 

(c)  Results. — I'his  method  gives  equal  bending  moments  in  the  ends  of  each  girder, 
and  the  same  bending  moments  in  all  girders  in  any  floor,  if  the  spans  are  equal. 

If  the  ha,ys  are  unequal  the  loads  taken  by  the  separate  one-span  bents  are  to  be 
taken  directly  proportional  to  the  spans  of  the  bays.  This  will  make  the  vertical 
shears  in  a  bays  the  same  at  any  story. 

Problem  8.    Calculation  of  Camber  of  a  Steel  Railway  Bridge  by  the  Method 

OF  Algebraic  Summation. 

(a)  Problem. — Given  an  inclined  chord  Pratt  truss  railway  bridge,  span  200'-0J^", 
7  panels,  designed  for  Cooper's  E  60  loading.  Calculate  the  "Theoretical"  and  "Con- 
ventional'' camber  by  the  "Method  of  Algebraic  Summations." 

(b)  Methods. — The  loads  on  a  truss  bridge  cause  the  lower  chord  to  lengthen, 
the  top  chord  to  shorten,  and  the  panel  points  to  deflect.  In  order  that  the  loaded 
chord  of  the  bridge  may  not  sag  it  is  necessary  to  change  the  calculated  lengths  of  the 
members  of  the  truss.  There  are  two  methods  of  providing  for  camber  in  an  ordinary 
truss  span. 

1.  Theoretical  Method. — The  tension  members  are  shortened  and  the  compression 
members  are  lengthened  so  that  under  full  load  the  members  will  assume  the  normal 
length  as  calculated  from  the  truss  diagram. 

2.  Conventional  Method.-^The  members  of  the  top  chord  are  lengthened  an  amount 
proportional  to  their  length.  Specifications  commonly  require  that  the  top  chords  of 
railway  truss  bridges  shall  be  increased  in  length  ^  in.  for  each  10  ft.  in  length  of 
chord;  and  the  top  chords  of  highway  truss  bridges  shall  be  increased  in  length  3/16  in. 
for  each  10  ft.  in  length  of  chord. 

Specifications. — The  practice  of  the  American  Bridge  Company  is  as  follows: 

Conventional  Method, — For  railroad  spans  up  to  and  including  200  ft.,  the  trusses 
shall  be  cambered  by  increasing  the  top  chord  length  }4  ii^-  for  each  10  ft.  in  length. 
For  highway  spans  up  to  and  including  250  ft.,  trusses  shall  be  cambered  by  increasing 
the  top  chord  length  3/16  in.  for  each  10  ft.  in  length. 

Theoretical  Method. — For  railway  spans  over  200  ft.  and  highway  spans  over  250  ft., 
the  lengths  of  all  members  shall  be  corrected  so  that  the  lengths  will  be  normal  under  full 
load.  The  stresses  shall  be  calculated  for  dead  load  and  for  an  equivalent  uniform  live 
load  with  all  joints  loaded  with  full  joint  loads. 

Impact  stresses  shall  be  neglected  in  calculating  distortions.  The  length  of  mem- 
bers shall  be  corrected  for  pin  play. 
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Calculations.— " TAcorc^icoZ  Camber."— The  "Theoretical"  camber  will  be  calcu- 
lated by  the  "  Method  of  Algebraic  Summations."  The  shop  lengths  are  measured  in 
feet,  inches  and  fractions  of  an  inch,  while  the  calculated  lengths  are  in  feet,  and  decimals 
of  a  foot.  The  differences  between  the  shop  and  theoretical  lengths  are  called  A3  and 
are  included  in.  the  calculations  for  "Conventional"  camber.  The  specifications 
permit  a  pin  play  of  1/32  in.  for  pins  of  5  in.  diameter  and  larger.  A  tension  member 
with  pin  connections  at  each  end,  as  for  example  UiLi,  will  be  increased  in  length  1/32 
in.  due  to  pin  play,  and  a  tension  member  with  one  pin  connection  as  Lola  will  be 
increased  in  length  1/64  in.  due  to  pin  play.  A  compression  member  with  two  pin 
connections  will  be  decreased  in  length  1/32  in.  due  to  pin  play,  and  a  compression  mem- 
ber with  one  pin  connection  will  be  decreased  in  length  1/64  in.  due  to  pin  play. 
Increa.ses  and  decreases  in  length  due  to  pin  play  are  given  in  the  column  marked  As. 
The  stresses  were  calculated  for  the  dead  load  and  for  a  uniform  load  equivalent  to 
the  Cooper's  E  60  loading.  Impact  stresses  are  not  considered  in  calculating  camber  of 
simple  trusses.  The  stresses  are  given  in  the  6th  column  in  the  problem.  The  elastic 
changes  in  lengths  of  the  members  due  to  these  stresses  are  given  in  the  marked  column 
Ai.  The  gross  areas  of  the  members  with  a  modulus  of  elasticity  of  E  =  30,000,000  lb. 
per  sq.  in.  were  used  in  calculating  the  elastic  deformations  of  the  members.  Tensile 
stresses  and  increases  in  length  are  called  minus,  and  compressive  stresses  and  decreases 
in  length  are  called  plus.  In  calculating  the  U  stresses  in  (6)  a  load  of  unity  is  placed 
at  Li  and  at  W.  The  Ui  stresses  in  each  member  on  the  left  will  be  equal  to  the  sum 
of  the  Ui  stresses  in  the  member  and  also  in  the  corresponding  member  on  the  right  for 
a  load  unity  at  Li.  With  unit  loads  placed  symmetrically,  it  is  only  necessary  to  carry 
the  summation  over  one-half  the  truss;  thus  reducing  the  number  of  members  given 
in  the  table.  It-should  be  noted  that  the  deformations  are  given  for  only  one-half  the 
lengths  of  UsUz  and  LzW.  With  a  truss  with  an  odd  number  of  panels  there  is  an 
apparent  ambiguity  in  the  center  panel  in  calculating  the  U  stresses  due  to  a  single  load, 
due  to  the  fact  that  there  are  no  stresses  due  to  external  loads  in  the  vertical  post  and 
in  the  diagonals  in  the  center  panel.  The  ambiguity  may  be  removed  by  assuming 
that  one  diagonal  takes  one-half  of  the  shear  due  to  the  U'-loading  in  tension  and  the 
other  diagonal  takes  one-half  of  the  shear  due  to  the  ^-loading  in  compression.  The 
resulting  U  stresses  in  the  chords  will  then  be  correctly  given,  and  the  summation  of 
the  posts  and  diagonals  will  be  zero.  The  t/i,  U2  and  Ut  stresses  are  calculated  by 
means  of  graphic  resolution  as  shown. 

Conventional  Method. — This  truss  was  cambered  by  adding  J^  in.  for  each  10  ft. 
of  the  length  of  each  upper  chord  member.  There  were  also  some  changes  in  the 
members  due  to  selecting  shop  lengths  in  place  of  the  calculated  lengths.  The  actual 
camber  at  the  joints  of  the  lower  chord  are  calculated  for  the  truss  as  cambered  by  the 
conventional  method.  The  pin  play  was  omitted  in  this  calculation,  although  it 
might  properly  have  been  included. 

(c)  Results.— The  results  obtained  by  the  "Conventional  Method"  agree  very 
closely  with  the  results  obtained  by  the  "Theoretical"  method.  In  using  the  "The- 
oretical" method  it  will  be  necessary  to  make  small  changes  in  the  lengths  obtained 
by  adding  the  increments  Ai  +  A2  to  the  lengths  of  the  members  in  order  that  practical 
or  shop  lengths  may  be  obtained.  The  slight  changes  should  be  such  that  the  camber 
will  be  increased. 
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Pboblem  9.    Calculation  of  Camber  of  a  Steel  Railway  Bridge  by  the 
Method  of  Elastic  Weights,  and  by  the  Williot  Diagram. 

(a)  Problem. — Given  an  inclined  chord  Pratt  truss  railway  bridge,  span  200'-0 J^", 
7  panels,  designed  for  Cooper's  E  60  loading.  Calculate  the  camber  (1)  by  the  "  Method 
of  Elastic  Weights,"  and  (2)  by  means  of  the  "Williot  diagram  method." 

(b)  Methods. — The  "Theoretical"  camber  of  the  truss  will  be  calculated  by  the 
"  Method  of  Elastic  Weights"  and  by  the  "  Williot  Diagram  Method."  The  dead  load 
stresses  and  the  live  load  stresses  due  to  a  uniform  load  equivalent  to  Cooper's  E  60 
loading  were  calculated,  and  are  as  given  in  Problem  8.  The  elastic  and  inelastic 
deformations,  2)A  ==  Ai  +  A2  as  calculated  in  Problem  8,  are  given  in  column  3,  Problem  9. 

(1)  Method  of  Elastic  Weights, — The  deformations  as  given  in  column  3  and  the 
lengths  of  the  members  are  written  on  the  members  of  the  truss  diagram.  The  moment 
arms  for  calculating  the  chord  stresses  and  the  web  stresses  arc  written  on  the  truss 
diagram.  The  elastic  weights  of  the  end-post  and  of  the  upper  and  lower  chords  given 
in  column  5,  are  equal  to  deformations  in  column  3,  divided  by  arms  in  column  4. 

The  elastic  weights  for  the  chords  are  calculated  as  shown  in  Fig.  13,  Chapter  XV. 
The  elastic  weights  for  the  chords  are  all  plus,  and  are  each  applied  at  the  center  of 
moments  that  was  used  in  calculating  the  direct  stresses  due  to  dead  and  live  loads. 
The  elastic  weights  for  the  post  UiLi  are  from  equation  (27),  Chapter  XV,  W2  =  0.088 
-5-  28.6  =  0.0031,  applied  at  Ls;  and  from  equation  (28),  Chapter  XV,  i^i  =  0.088 
-5-  ( —  28.6  X  34  -^  38)  =  T-  0.0035,  applied  at  Li.  In  calculating  the  elastic  weights 
for  UiTjt  the  elastic  weight  at  L3'  due  to  UzLi  is  balanced  by  the  elastic  weight  at  Lz 
due  to  UzLi.  The  elastic  weights  for  U\Lz  are  from  equation  (24),  Chapter  XV, 
«7i  =  -  0.188  -5-  20.7=  -  0.0091  applied  at  Li,  and  from  equation  (23),  w^  =  -  0.188 
-^  ( -  23.4)  =  0.0080  applied  at  U. 

The  signs  of  the  elastic  weights  for  webs  and  posts  are  determined  by  the  following 
rule:  ''The  positive  elastic  weight  will  come  on  that  side  of  the  section  or  panel  where 
the  sign  of  the  deformation  in  the  given  member  is  the  same  as  the  sign  of  the  stress  in 
the  adjacent  chord."  In  a  Pratt  truss  the  elastic  weight  for  the  post  will  be  minus  at 
the  panel  under  the  post,  and  plus  on  the  other  side  of  the  panel. 

The  total  elastic  weights  at  the  lower  chord  joints  are  equal  to  the  algebraic  sum 
of  the  elastic  weights  due  to  the  individual  members.  The  bending  moments  due  to  the 
elastic  weights  are  calculated  as  shown.  The  deflection  at  Li  must  be  increased  by  the 
deformation  of  L^iLi,  which  was  omitted  in  the  calculations. 

(2)  Williot  Diagram  Method. — The  deformations  are  given  in  column  3.  Pass  a 
vertical  plane  through  the  center  of  the  truss,  lay  off  deformation  of  left  half  of  member 
marked  2  to  the  right,  since  the  deformation  is  plus,  and  at  a  distance  below  2  equal  to 
deformation  of  3  lay  off  one-half  of  deformation  of  member  marked  1,  to  the  left,  since 
the  deformation  is  minus.  At  Uz  lay  off  deformation  4  to  the  right,  since  deformation 
4  is  plus,  and  at  Lz  lay  off  deformation  6  to  the  left,  since  deformation  6  is  minus,  and 
perpendiculars  erected  at  ends  of  deformations  4  and  6  will  intersect  at  joint  XJi.  The 
remainder  of  the  diagram  is  constructed  in  the  same  manner.  Since  the  loading  is 
symmetrical  the  Williot  diagram  is  symmetrical. 

(c)  Results. — The  results  obtained  by  the  "Method  of  Elastic  Weights"  and  the 
"Williot  Diagram  Method"  check  the  results  obtained  by  the  "Method  of  Algebraic 
Summation"  given  in  Problem  8. 
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Problem  10.    Stresses  in  a  Statically  Indeterminate  Head  Frame. 

(a)  Problem. — Given  a  4-post  head  frame  with  the  same  dimensions  and  sections 
as  for  the  4-post  head  frame  in  Chapter  XXI,  except  that  the  distance  center  to  center 
of  vertical  columns  is  reduced  to  10  ft.  and  the  center  of  the  sheave  is  placed  1  ft.  from 
the  back  column.  Calculate  the  stresses  in  the  head  frame,  assuming  that  the  back 
brace  and  the  horizontal  brace  between  the  tower  and  the  back  brace  are  statically 
indeterminate. 

(b)  Methods. — Follow  the  solution  as  given  in  Chapter  XXI. 

m 

Problem  11.    Stresses  in  a  Transverse  Bent. 

(a)  Problem. — Calculate  the  stresses  in  the  transverse  bent  designed  in  Chapter 
XXXVIII,  on  the  assumption  that  it  is  a  two-hinged  arch,  with  the  middle  lower  chord 
member  a  redundant  member. 

(b)  Method. — Calculate  the  deformation  of  the  structure  in  line  with  the  hori- 
zontal tie  and  place  this  deformation  equal  to  the  deformation  of  the  horizontal  tie. 
Calculate  the  deformation  of  the  framed  structure  due  to  direct  stresses  by  means  of  the 
"  Method  of  Algebraic  Summation,"  and  the  deformation  of  the  structure  due  to  flexure 
in  the  columns  by  area  moments.  The  deformation  of  the  structure  in  line  with  the 
lower  tie  due  to  flexure  may  be  obtained  from  the  deflection  at  the  foot  of  the  knee 
brace  by  applying  Maxwell's  theorem. 

Problem  12;    Stresses  in  a  Quadrangular  Bridge  Truss  Without  Diagonals 

AND  With  Rigid  Joints. 

(a)  Problem.  Given  a  bridge  with  parallel  chords,  vertical  posts,  no  diagonals 
and  rigid  joints.  Span,  75'-0",  panel  length,  25'-0",  depth  lO'-O".  Members  have 
relative  moihents  of  inertia  as  follows:  vertical  end-posts,  /i  =  2.00;  top  chord, 
1 2  =  4.00;  bottom  chord,  Iz  =  1.00;  vertical  intermediate  posts,  /4  =  2.00.  Truss 
carries  a  dead  joint  load  of  5  tons  and  a  live  joint  load  of  10  tons.  Calculate  the 
moments  at  the  joints  and  the  direct  stresses  in  the  members,  for  full  live  and  dead  loads. 

(b)  Methods. — Use  the  method  of  slope  deflections  and  follow  methods  outlined 
in  the  solution  of  the  truss  with  two  panels  as  given  in  Chapter  XVIII.  The  deflection 
R  of  the  top  and  bottom  chords  may  be  assumed  as  equal  at  the  center  of  the  truss,  and 
the  longitudinal  deflections  of  the  members  may  be  neglected. 

Problem  13.    Stresses  in  a  Stiff  Frame. 

(a)  Problem. — Given  a  stiff  frame  with  columns  free  to  turn  at  base,  with  loads 
carried  by  brackets  on  inside  of  columns,  as  shown  in  case  5,  Fig.  15,  Chapter  XVII. 
Deduce  the  equations  given  in  Fig.  15,  Chapter  XVII  for  the  general  case  and  for  a  load 
on  one  side.  Also  assume  that  Ii  =  « ,  and  P  —  P'  and  e  =  e',  and  compare  with  case 
2,  Fig.  15,  Chapter  X. 

(b)  Methods. — (1)  Use  the  "Method  of  Area  Moments"  as  given  in  Chapter 
XVII.  (2)  Also,  deduce  the  equations  by  using  the  "Method  of  Slope  Deflections'' 
as  given  in  Chapter  XVIII. 
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Problem  14.    Stresses  in  a  Stiff  Frame. 

(a)  Problem. — Given  a  stiff  frame  consisting  of  a  continuous  girder  of  three  equal 
spans,  If  with  two  intermediate  columns  of  height  h,  fixed  at  the  base  and  making  rigid 
joints  with  the  girder  at  the  top.  Moment  of  inertia  of  girder  »  /i,  and  of  columns  —  It. 
The  frame  carries  a  uniform  load  w  lb.  per  lineal  foot  oyer  the  middle  span.  Omit 
longitudinal  deformation  of  column.  Prove  that  the  horizontal  reaction  at  base  of 
each  column  is 

2A(4  +  5k) 

and  the  vertical  reaction  of  each  column  is 

_  W'ljS  +  Ilk) 
"  "     4(4  .+  5A;) 

and  the  vertical  reactions  at  the  end  of  each  end  girder  is 

^*  "  "  4(4  +  5^    . 
where 

"      h    V 

Also  calculate  moments  at  intersections  of  girders  and  colunms,  and  the  point  of 
contraflexure  in  each  column. 

(b)  Methods. — Use  the  "  Method  of  Slope  Deflections"  as  given  in  Chapter  XVIII. 

(c)  Results. — For  the  solution  of  this  problem  by  the  "  Method  of  Work,"  and  for 
formulas  for  different  cases,  see  '^  Analysis  and  Tests  of  Rigidly  Connected  Reinforced 
Concrete  Frames,"  by  Mikishi  Abe,  University  of  Illinois  Engineering  Experiment 
Station  Bulletin,  No.  107. 

Problem  15.    Secondary  Stresses  in  a  Truss. 

(a)  Problem. — Calculate  the  secondary  stresses  in  a  triangular  truss  of  two  panels 
with  inclined  end-posts  and  vertical  tie.  Span  =  20'-0";  panel  length,  I  =  IC-O", 
height,  h  =  12'-0".  Direct  unit  stresses  in  end-posts  is  /c  =  8,000  lb.  per  sq.  in.,  in 
vertical  tie  is  ft  =  15,000  lb.  per  sq.  in.,  and  in  lower  chord  is  /i  =  12,000  lb.  per  sq.  in. 
Moment  of  inertia  of  end-post  about  an  axis  perpendicular  to  the  plane  of  the  trusses 
is  Ji  =  400  in.*,  of  vertical  tie  is  /j  =  400  in.*,  and  of  lower  chord  is  /«  ==  300  in.*.  The 
distance  from  neutral  axis  to  extreme  fiber  is,  for  end-post,  c  =  8  in.,  for  vertical  tie, 
c  =  5  in.,  for  lower  chord,  c  =  5  in.     Calculate  the  secondary  stresses  in  the  members. 

(b)  Methods. — Follow  the  solution  given  in  Chapter  XIX. 

(c)  Results. — The  maximum  bending  moment  due  to  rigidity  of  joints  is  at  the 
center  of  the  bottom  chord  and  is  M  =  it  427,000  in.-lb.,  and  the  unit  stress  will  be 
it  7,116  lb.  per  sq.  in.  The  secondary  stresses  in  the  lower  chord  are  very  large  due 
to  the  high  unit  stress  in  the  vertical  tie.  From  this  problem  it  will  be  seen  that  the 
unit  stress  in  the  hip  vertical  of  a  Pratt  truss  railway  bridge  should  be  kept  low. 


PART  III. 
DESIGN  OF  STEEL  MILL  BUILDINGS, 


CHAPTER  XXIII. 
General  Design. 

General  Principles. — The  general  dimensions  and  outline  of  a  mill  building  will 
be  governed  by  local  conditions  and  requirements.  The  questions  of  light,  heat,  ventila- 
tion, foundations  for  machinery,  handling  of  materials,  future  extensions,  first  cost  and 
cost  of  maintenance  should  receive  proper  attention  in  designing  the  different  classes  of 
structures.  One  or  two  of  the  above  items  often  determines  the  type  and  general 
design  of  the  structure.  Where  real  estate  is  high,  the  first  cost,  including  the  cost  of 
both  land  and  structure,  causes  the  adoption  in  many  cases  of  the  multiple  story  build- 
ing; while  on  the  other  hand  where  the  site  is  not  too  expensive  the  single  story  shop  or 
mill  is  usually  preferred.  In  coal  tipples  and  shaft  houses  the  handling  of  materials 
is  the  prime  object;  in  railway  shops  and  factories  turning  out  heavy  machinery  or  a 
similar  product,  foundations  for  the  machinery  required,  and  convenience  in  handling 
materials  are  most  important;  while  in  many  other  classes  of  structures  such  as  weaving 
sheds,  textile  mills,  and  factories  which  turn  out  a  less  bulky  product  with  light  machin- 
ery, and  which  employ  a  large  number  of  men,  the  principal  items  to  be  considered  in 
designing  are  light,  heat,  ventilation  and  ease  of  superintendence. 

Shops  and  factories  are  preferably  located  where  transportation  facilities  are  good, 
land  is  cheap  and  labor  plentiful.  Too  much  care  cannot  be  used  in  the  design  of  shops 
and  factories,  for  the  reason  that  defects  in  design  that  cause  inconvenience  in  handling 
materials  and  workmen,  increased  cost  of  operation  and  maintenance,  are  permanent 
and  cannot  be  removed. 

'  The  best  modern  practice  inclines  toward  single  floor  shops  with  as  few  dividing 
walls  and  partitions  as  possible.  The  advantages  of  this  type  over  multiple  story 
buildings  are  (1)  the  light  is  better,  (2)  ventilation  is  better,  (3)  buildings  are  more 
easily  heated,  (4)  foundations  for  machinery  are  cheaper,  (5)  machinery  being  set  directly 
on  the  ground  causes  no  vibrations  in  the  building,  (6)  floors  are  cheaper,  (7)  workmen 
are  more  directly  under  the  eye  of  the  superintendent,  (8)  materials  are  more  easily  and 
cheaply  handled,  (9)  buildings  admit  of  indefinite  extension  in  any  direction,  (10)  the 
cost  of  construction  is  less,  and  (11)  there  is  less  danger  from  damage  due  to  fire. 

The  walls  of  shops  and  factories  are  made  (1)  of  brick,  stone,  or  concrete;  (2)  of 
brick,  hollow  tile  or  concrete  curtain  walls  between  steel  columns;  (3)  of  curtain  walls 
made  of  plaster  on  expanded  metal  or  other  reinforcing,  and^lass;  (4)  of  concrete  slabs 
fastened  to  the  steel  frame;  and  (5)  of  corrugated  steel  fastened  to  the  steel  frame. 

The  roof  is  commonly  supported  by  steel  trusses  and  framework.     The  roofing 
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may  be  slate,  tile,  tar  and  gravel  or  other  composition,  tin  or  sheet  steel,  laid  on  board 
sheathing  or  on  concrete  or  gypsum  slabs,  tile  or  slate  supported  directly  on  the  purlins, 
or  corrugated  steel  supported  on  board  sheathing  or  directly  on  the  purlins.  Where 
the  slope  of  the  roof  is  flat  a  first  grade  tar  and  gravel  roof,  or  some  one  of  the  patent 
composition  roofs  is  used  in  preference  to  tin,  and  on  a  steep  slope  slate  or  tile  is  com- 
monly used  in  preference  to  tin.  Corrugated  steel  roofing  is  much  used  on  boiler  houses, 
smelters,  forge  shops,  coal  tipples,  and  similar  structures.  For  buildings  that  are  to  be 
heated  the  roof  sheathing  should  be  a  non-conductor  of  heat,  or  an  anti-condensation 
lining  should  be  used. 

Floors  in  boiler  houses,  forge  shops  and  in  similar  structures  are  generally  made  of 
brick  on  a  gravel  or  concrete  foundation;  while  in  buildings  where  men  have  to  work  at 
machines  the  favorite  floor  is  a  wooden  floor  on  a  foundation  of  cinders,  gravel,  or  tar 
concrete.  Where  concrete  is  used  for  the  foundation  of  a  wooden  floor  it  should  be 
either  a  tar  or  an  asphalt  concrete,  or  a  layer  of  tar  should  be  put  on  top  of  the  cement 
concrete  to  prevent  decay.  Concrete  or  cement  floors  are  used  in  many  cases  with 
good  results,  but  they  are  not  satisfactory  where  men  have  to  stand  at  benches  or 
machines.  Wooden  racks  on  cement  floors  remove  the  above  objection  somewhat. 
Where  rough  work  is  done,  the  upper  or  wearing  surface  of  wooden  floors  is  often  made 
of  yellow  pine  or  oak  plank,  while  in  the  better  classes  of  structures,  the  top  layer  is 
commonly  made  of  maple.  For  upper  floors  some  one  of  the  common  types  of  fireproof 
floors,  or  as  is  more  common  a  heavy  plank  floor  or  a  laminated  timber  floor  supported 
on  beams  may  be  used. 

Care  should  be  used  to  obtain  an  ample  amount  of  light  in  buildings  in  which  men 
are  to  work.  It  is  now  the  common  practice  to  make  as  much  of  the  roof  and  side  walls 
of  a  transparent  or  translucent  material  as  practicable;  in  many  cases  fifty  per  cent  of 
the  total  exterior  surface  is  made  of  glass,  while  skylights  equal  to  twenty-five  to  thirty 
per  cent  of  the  roof  surface  are  very  common.  Direct  sunlight  causes  a  glare,  and  is 
also  objectionable  in  the  summer  on  account  of  the  heat.  Where  windows  and  skylights 
are  directly  exposed  to  the  sunlight  they  may  best  be  curtained  with  white  muslin  cloth 
which  admits  much  of  the  light  and  shades  perfectly.  The  "saw  tooth"  type  of  roof 
with  the  shorter  and  glazed  tooth  facing  the  north,  gives  the  best  light  and  is  now  coming 
into  quite  general  use. 

Plane  glass,  wire  glass,  factory  ribbed  glass,  and  translucent  fabric  are  used  for 
glazing  windows  and  skylights.  Factory  ribbed  glass  should  be  placed  with  the  ribs 
vertical  for  the  reason  that  with  the  ribs  horizontal,  the  glass  emits  a  glare  which  is 
very  trying  on  the  eyes  of  the  workmen.  Wire  netting  should  always  be  stretched  under 
skylights  to  prevent  the  broken  glass  from  falling  down,  where  wire  glass  is  not  used. 
Steel  sash  can  now  be  obtained  for  practically  the  same  cost  as  for  wooden  sash  in 
wooden  frames,  and  are  in  common  use. 

Heating  in  large  buildings  is  generally  done  by  the  hot  blast  system  in  which  fans 
draw  the  air  across  heated  coils,  which  are  heated  by  exhaust  steam,  and  the  heated 
air  is  conveyed  by  ducts  suspended  from  the  roof  or  placed  under  the  ground.  In 
smaller  buildings,  direct  radiation  from  steam  or  hot  water  pipes  is  commonly  used. 

The  proper  unit  stresses,  minimum  size  of  sections  and  thickness  of  metal  will 
depend  upon  whether  the  bhilding  is  to  be  permanent  or  temporary,  and  upon  whether 
or  not  the  metal  is  liable  to  be  subjected  to  the  action  of  corrosive  gases.  For  per- 
manent buildings  the  author  would  recommend  16,000  lb.  per  square  inch  for  allowable 
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tensile,  and  16,000  —  70  (l/r)  lb.  per  square  inch  for  allowable  compressive  stress  for 
direct  dead,  snow  and  wind  stresses  in  trusses  and  columns;  I  being  the  center  to  center 
length  and  r  the  radius  of  gyration  of  the  member,  both  in  inches.  For  wind  bracing 
and  flexural  stresses  in  columns  due  to  wind,  add  25  per  cent  to  the  allowable  stresses 
for  dead,  snow  and  wind  loads.  For  temporary  structures  the  above  allowable  stresses 
may  be  increased  20  to  25  per  cent. 

The  minimum  size  of  angles  should  be  2  in.  X  2  in.  X  M  in-i  &i^d  the  minimum 
thickness  of  plates  3^  in.,  for  both  permanent  and  temporary  structures.  Where  the 
metal  will  be  subjected  to  corrosive  gases  as  in  smelters  and  train  sheds,  the  allowable 
stresses  should  be  decreased  20  to  25  per  cent,  and  the  minimum  thickness  of  metal 
increased  25  per  cent,  unless  the  metal  is  fully  protected  by  an  acid-proof  coating  (at 
present  the  best  paints  do  little  more  in  any  case  than  delay  and  retard  the  corrosion). 

The  minimum  thickness  of  corrugated  steel  should  be  No.  20  gage  for  the  roof  and 
No.  22  for  the  sides;  where  there  is  certain  to  be  no  corrosion  Nos.  22  and  24  may  be 
used  for  the  roof  and  sides  respectively. 

The  different  parts  of  mill  buildings  will  be  taken  up  and  discussed  at  some  length 
in  the  following  chapters. 


CHAPTER  XXIV. 
Loads. 

Introduction. — ^The  loads  to  be  provided  for  in  designing  a  mill  building  will 
depend  to  a  large  extent  upon  the  use  to  which  the  finished  structure  is  to  be  put. 
The  loads  may  be  classed  under  (1)  dead  loads;  (2)  snow  loads;  (3)  wind  loads,  and 
(4)  miscellaneous  loads.  Concentrated  floor  and  roof  loads,  girder  and  jib  crane, 
and  miscellaneous  loads  should  receive  special  attention,  and  proper  provision  should 
be  made  in  each  case.  No  general  solution  can  be  given  for  providing  for  miscellane- 
ous loads,  but  each  problem  must  be  worked  out  to  suit  local  conditions. 

Dead  Loads. — Dead  loads  may  be  divided  into  (a)  weight  of  structure;  (b)  con- 
centrated loads. 

The  weight  of  the  structure  may  be  divided  into  (1)  the  weight  of  the  roof  trusses; 
(2)  the  weight  of  the  roof  sheathing  and  the  roof  covering;  (3)  the  weight  of  the  purlins 
and  bracing;  (4)  the  weight  of  the  side  and  end  walls.  The  first  three  items,  together 
with  the  concentrated  roof  loads,  constitute  the  dead  loads  used  in  designing  the  trusses. 

The  weights  of  mill  buildings  vary  so  much  that  it  is  not  possible  to  give  anything 
more  than  approximate  values  for  the  different  items  which  go  to  make  up  the  dead 
load.  The  following  data  will,  however,  materially  assist  the  designer  in  arriving  at 
approximately  the  proper  dead  load  to  assume  for  computing  stresses,  and  the  approxi- 
mate weight  of  steel  to  use  as  a  basis  for  preliminary  estimates. 

Weight  of  Roof  Trasses. — The  weight  of  roof  trusses  varies  with  the  span,  the 
distance  between  trusses,  the  load  carried  or  capacity  of  the  truss,  and  the  pitch. 

The  empirical  formula 


where 

W  =  weight  of  steel  roof  truss  in  lb.; 

P  =  capacity  of  truss  in  lb.  per  sq.  ft.  of  horizontal  projection  of  roof  (30  to  80  lb.) ; 

« 

A  =  distance  center  to  center  of  trusses  in  ft.  (8  to  30  ft.) ; 

L  =  span  of  truss  in  ft.; 
was  deduced  by  the  author  from  the  computed  and  shipping  weights  of  mill  building 
trusses.  The  trusses  were  riveted  Fink  trusses  with  purlins  placed  at  panel  points,  and 
were  made  up  of  angles  with  connecting  plates;  minimum  size  of  angles  2  in.  X  2  in. 
X  \i  in.,  minimum  thickness  of  plates  \i  in.  These  weights  include  the  weights  of 
monitors  and  kneebraces.  The  weights  of  steel  trusses  without  monitors  and  resting 
on  walls  will  be  somewhat  less. 

The  trusses  whose  weights  were  used  in  deducing  this  formula  had  a  pitch  of  \  (6 
in.  in  12  in.),  but  the  formula  gives  quite  accurate  results  for  trusses  having  a  pitch  of 
\  to  \.  The  trusses  were  designed  for  a  tensile  stress  of  15,000  lb.  per  sq.  in.  and  a 
compressive  stress  of  15,000  —  55  (^/r)  lb.  per  sq.  in.,  where  I  =  length  and  r  «  the 
radius  of  gyration  of  the  member,  both  in  inches. 
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The  weight  of  steel  roof  truseea  for  a  capacity,  P,  of  40  lb.  per  aq.  ft,  for  different 
BpacingB  ia  given  in  Fig.  1.  The  weights  of  trusses  for  other  capacities  can  be  obtained 
by  multiplying  the  tabular  values  by  the  ratio  of  the  capacities. 

Dividing  (1)  by  A-  L  we  have  the  weight  of  roof  truss,  w,  per  square  foot  of  hori- 
zontal projection  of  the  roof 

D  /  J.       \ 

(2) 


-i{'^Tk) 


Lenqihof  Sponof  Truss  £.  Ft 
Fia.  1.    Wbiqht  of  Roof  Trusses  fob  a  CAPAcnr  op  40  Lb.  per  Squabe  Foot. 

It  should  be  noted  that  to  is  the  dead  load  per  square  foot  carried  by  an  interior 
truss.  The  actual  weight  of  trusses  per  square  foot  of  horizontal  projection  for  a  build- 
ing with  n  panels  will  be  w  ((n  —  l)/n)whereendpo3t  bent  is  used,  and  to  ((n  +  l)/n) 
where  end  truss  bent  is  used,  a-ssuniing  that  all  trusses  are  made  alike. 

Formula  (1)  gives  the  weights  of  mill  building  trusses  and  includes  the  weight  of 
the  kncebraccs  and  the  ventilator  framing.  By  reducing  the  details  and  by  skimping 
the  sections  the  actual  weights  may  be  reduced  below  thoso  given  by  formula  (1).  For 
a  comparison  of  the  results  as  given  by  several  formulas  for  the  weight  of  roof  trusses, 
see  an  article  by  Mr.  R.  Fleming,  in  Engineering  News-Record,  March  20,  1919. 

Weight  of  Purlins,  Girts,  Bracing,  and  Columns. — Steel  purlins  will  weigh  from 
Ij  to  4  lb.  per  sq.  ft.  of  area  covered,  depending  upon  the  spacing  and  the  capacity  of 
the  trusses  and  the  snow  load.  If  possible  the  actual  weight  of  the  purlins  should  be 
calculated.     Girts  and  window  framing  will  weigh  from  li  to  3  lb.  per  sq.  ft.  of  net  sur- 
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face.  Bracing  is  quite  a  variable  quantity.  The  bracing  in  the  planes  of  the  upper  and 
lower  chords  will  vary  from  J  to  1  lb.  per  sq.  ft.  of  area.  The  side  and  end  bracing, 
eave  struts  and  columns  will  weigh  about  the  same  per  sq.  ft.  of  surface  as  the  trusses. 

Weight  of  Covering. — The  weight  of  corrugated  steel  covering  varies  from  Ij  to 
3  lb.  per  sq.  ft.  of  area.  In  estimating  the  weight  of  corrugated  steel  allow  about  25  per 
cent  for  laps  where  two  corrugations  side  lap  and  6  inches  end  lap  are  required,  and 
about  15  per  cent  for  laps  where  one  corrugation  side  lap  and  4  inches  end  lap  are  re- 
quired. Nos.  20  and  22  corrugated  steel  are  commonly  used  on  the  roof  and  Nos.  22 
and  24  on  the  sides.     For  the  weight  of  corrugated  steel  see  Chapter  XXVIII. 

Weight  of  Roof  Covering. — The  approximate  weight  per  square  foot  of  various  roof 
coverings  is  given  in  the  following  table: 

Corrugated  steel,  without  sheathing 1  to    3    lb. 

Felt  and  asphalt,  without  sheatliing 2 

Tar  and  gravel  roofing,  without  sheathing 8  to  10 

Slate,  3/16  in.  to  i  in.,  without  sheathing 7  to    9 

Tin,  without  sheathing 1  to    1^ 

Skylight  glass,  3/16  in.  to  ^  in.,  including  frames 4  to  10 

White  pine  sheathing  1  in.  thick 3 

Yellow  pine  sheathing  1  in.  thick 4 

Tiles,  flat 15  to  20 

Tiliss,  corrugated 8  to  10 

Tiles,  on  concrete  slabs 30  to  35 

Plastered  ceiling 10 

For  additional  data  on  weight  of  roof  coverings,  see  Chapter  XXVIII  and  Chapter 
XXIX.     The  actual  weight  of  roof  coverings  should  be  calculated  if  possible. 

Weight  of  the  Structure. — The  weight  of  the  roof  can  now  be  found.  The  weight 
of  the  steel  in  the  sides  and  ends  is  approximately  the  same  per  square  foot  as  the  steel 
work  in  the  roof. 

A  very  close  approximation  to  the  weight  of  the  steel  in  the  entire  structure  where 
no  sheathing  is  used  and  the  same  weight  of  corrugated  steel  is  used  on  sides  as  on  roof 
may  be  found  as  follows:  Take  the  sum  of  the  horizontal  projection  of  the  roof  and  the 
net  surface  of  the  sides  and  ends,  after  subtracting  one-half  of  the  area  of  the  windows, 
wooden  doors  and  clear  openings;  multiply  the  sum  of  these  areas  by  the  weight  per 
square  foot  of  the  horizontal  projection  of  the  roof,  and  the  product  will  be  the  approxi- 
mate weight  of  the  steel  in  the  structure. 

For  the  actual  weights  of  steel  frame  buildings,  see  Chapter  XL. 

SNOW  LOADS. — The  annual  snowfall  in  different  localities  is  a  function  of  the 
humidity  and  the  latitude,  and  is  quite  a  variable  quantity.  The  amount  of  snow  on 
the  ground  at  one  time  is  still  more  variable.  In  the  Lake  Superior  region  very  little 
of  the  snow  melts  as  it  falls,  and  almost  the  entire  annual  snowfall  is  frequently  on  the 
ground  at  one  time;  while  on  the  other  hand  in  the  same  latitude  in  the  Rocky  Mountains 
the  dry  winds  evaporate  the  snow  in  even  the  coldest  weather  and  a  less  proportion 
accumulates.  In  latitudes  of  35  to  45  degrees  the  heavy  snowfalls  are  often  followed  by 
a  sleeting  rain,  and  the  snow  and  ice  load  on  roofs  sometimes  nearly  equals  the  weight 
of  the  annual  snowfall. 
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From  the  records  of  the  snofffall  for  ten  years  (previous  to  1903),  as  (^ven  in  the 
reports  of  the  U.  S.  Weather  Bureau  and  data  obtained  by  personal  experience,  in 
British  Columbia,  Montana,  the  Lake  Superior  region  and  central  niinois,  the  author, 
in  the  first  edition  of  this  book,  proposed  the  values  given  in  Fig.  2,  for  snow  loads  for 
roofs  of  different  inclinations  in  different  latitudes.  For  the  Pacific  coast  and  localities 
with  low  humidity,  take  one-half  of  the  values  given.  The  weight  of  newly  fallen  snow 
was  taken  at  5  lb.  and  packed  snow  at  12  lb.  per  cubic  foot. 

A  high  wind  may  follow  a  heavy  sleet,  and  in  designing  the  trusses  the  author  would 
recommend  the  use  of  a  minimum  snow  and  ice  load  as  given  in  Fig.  2  for  all  slopes  of 
roofs.  The  maximum  atresses  due  to  the  sum  of'this  snow  load,  the  dead  and  wind 
loads;  the  dead  and  the  wind  loads;  or  of  the  maximum  snow  load  and  the  dead  load 
is  to  be  used  in  designing  the  members. 

The  snow  loads  given  in  Fig.  2  have  now  been  quite  generally  adopted  in  speci- 
fications. 
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Latitude  in  Degfees 
Fio.  2,    Snow  Load  on  Roofs  for  Different  Latitcdes,  in  Lb.  per  So.  Ft. 

Snow  loads  per  square  foot  of  horizontal  projection  of  roof  are  specified  in  various 
localities  as  follows:  Chicago  and  New  York,  20  lb.;  Cincinnati  and  St.  Louis,  10  lb.; 
New  England,  30  lb.  The  Baltimore  and  Ohio  Railroad  specifies  20  lb.  per  square  foot 
of  horizontal  projection  of  roof.     For  additional  data,  see  Table  L 

Schneider's  "General  Specifications  for  Structural  Work  for  Buildings,"  require  "A  enow 
load  of  25  lb.  per  sq.  ft.  of  holEontai  ptrojection  of  the  roof  for  all  slopee  up  to  20  degrceni  this 
load  to  be  decreased  1  lb.  for  ev&ry  degree  of  increase  of  slope  up  to  m  degrees,  above  which  no 
enow  load  ia  to  be  considered.  The  above  snow  loads  are  sunimiini  values  for  localities,  where 
snow  is  fikely  to  occur.  In  severe  climates  these  enow  loads  should  be  increased  in  aceordance  with 
'Che  actual  conditions  existing  in  these  localities." 

One  of  the  heaviest  falls  of  snow  on  record  occurred  at  Boulder  and  Denver,  Colo- 
rado, on  Dec.  Sand  6,  1913,  when  36  inches  of  snow  weighing  91b.  per  cu.  ft.  fell  during 
two  days.  Many  flat  roofs  were  loaded  with  a  snow  load  of  more  than  30  lb.  per  sq.  ft., 
and  roofs  with  a  pitch  of  one-half  carried  the  full  snow  load  of  27  lb.  per  sq.  ft.  of  hori- 
zontal projection. 

WIND  LOADS.— Wind  Pressure.— The  wind  pressure  (P)  in  lb.  per  sq.  ft.  on  a 
flat  surface  normal  to  the  direction  of  the  wind  for  any  given  velocity  (  K)  in  miles  per 
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hour,  is  given  quite  accurately  by  the  formula 

P  =  0.004  V*  (3) 

The  following  table  gives  the  pressure  per  sq.  ft.  on  a  flat  surface  normal  to  the 
direction  of  the  wind  for  different  velocities,  as  calculated  by  formula  (3). 

Velocity,  miles  Pressure,  lb.  per 

per  hour.  sq.  ft. 

10 0.4 Fresh  breeze. 

20 1.6 

30 3.6 Strong  wind. 

40 6.4 High  wind. 

50 10.0 Storm. 

60 14.4 Violent  storm. 

80 25.6 Hurricane. 

100 40.0 Violent  hurricane. 

The  pressure  on  other  than  flat  surfaces  may  be  taken  in  per  cents  of  that  given  by 
formula  (3)  as  follows:  80' per  cent  on  a  rectangular  building;  67  per  cent  on  the  convex 
side  of  cylinders;  115  to  130  per  cent  on  the  concave  side  of  cylinders,  channels  and  flat 
cups;  and  130  to  170  per  cent  on  the  concave  sides  of  spheres  and  deep  cyps. 

The  pressure  on  the  vertical  sides  of  buildings  is  usually  taken  at  30  lb.  per  sq.  ft., 
equivalent  to  P  equals  37}  lb.  in  formula  (3).  This  would  give  a  velocity  of  96  miles 
per  hour,  which  would  seem  to  be  sufficient  for  all  except  the  most  exposed  positions. 
The  velocity  of  the  wind  in  the  St.  Louis  tornado  was  about  120  miles  per  hour.  The 
records  of  the  U.  S.  Weather  Bureau  for  ten  years  show  only  one  instance  where  the 
velocity  of  the  wind  as  recorded  by  the  anemometer  was  more  than  90  miles  per  hour. 
The  actual  pressure  of  wind  gusts  has  been  found  to  be  about  60  per  cent  and  the  actual 
steady,  wind  pressure  only  about  36  per  cent  of  that  registered  by  ordinary  small  ane- 
mometers, which  further  reduces  the  intensity  of  the  observed  pressures.  The  wind 
pressure  has  been  found  to  increase  as  the  distance  above  the  ground  increases. 

Wind  Pressure  and  Wind  Suction. — The  effect  of  wind  on  a  building  is  partly  due 
to  an  increase  in  the  pressure  on  the  windward  side  and  partly  due  to  a  suction  on  the 
leeward  side.  Tests  have  been  made  on  small  models  by  several  observers.  Pro- 
fessor Albert  Smith  in  1912  made  tests  of  the  wind  pressure  on  a  model  building  6  ft. 
wide  by  15  ft.  long,  and  with  walls  4,  5  and  6  ft.  high.  In  a  paper  in  Journal  Western 
Society  of  Engineers,  December,  1912,  Professor  Smith  recommends  that  for  roof 
trusses  on  masonry  walls,  or  on  steel  bents  with  long  diagonals,  a  suction  effect  of  0.4 
of  the  unit  wind  pressure  be  placed  on  the  leeward  roof  of  all  closed  buildings;  the  re- 
mainder of  the  wind  load  to  be  applied  on  the  windward  side.  The  results  obtained  by 
taking  one-half  the  wind  load  as  a  suction  applied  on  the  leeward  side  will  not  differ 
materially  in  amount  from  the  results  obtained  by  taking  all  the  wind  loads  on  the  wind- 
ward side,  but  may  give  some  reverses  in  stress. 

It  is  the  uniform  practice  to  omit  the  effect  of  suction  in  designing  closed  buildings. 
The  uplifting  effect  of  the  wind  on  open  sheds  should  always  be  investigated. 

Increase  of  Wind  Pressure  with  Height. — Experiments  have  shown  that  the  wind 
pressure  increases  with  the  height  of  the  structure.    Professor  Henry  Adams  in  "  Me- 
25 
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chanics  of  Building  Construction  "  gives  the  following  formula  for  the  wind  pressure  on 
a  surface 

log  P  =  1.125  +  0.32  log  A  -  0.12  log  w  (4) 

where  P  =  wind  pressure  in  lb.  per  sq.  ft.;  A  =  height  of  center  of  gravity  of  surface 
above  ground  level  in  h.;w  =  width  of  surface  in.  ft. 

For  a  rectangular  building  100  ft.  in  length,  from  formula  (4)  the  wind  pressure  per 
sq.  ft.  for  various  heights  of  building  will  be  as  follows: — Height  =  20  ft.,  P  =  16  lb.; 
height  =  40  ft.,  P  =  20  lb.;  height  =  100  ft.,  P  =  26.8  lb.;  height  =  200  ft.,  P  =  33.5 
lb.  For  a  rectangular  structure  20  ft.  in  length,  the  wind  pressure  will  be  as  follows: — 
Height  =  20  ft.,  P  =  19.5  lb.;  height  =  40  ft.,  P  =  24.3  lb.;  height  =  100  ft., 
P  =  32.5  lb.;  height  =  200  ft.,  P  =  40.7  lb.  The  height  of  the  building  will  be  twice 
the  value  of  h  used  in  formula  (4). 

Specifications  for  Wind  Loads. — A  horizontal  wind  load  of  30  lb.  per  sq.  ft.  is  re- 
quired by  the  building  laws  of  Boston,  New  York,  Baltimore,  Cleveland,  St.  Louis; 
a  horizontal  wind  load  of  20  lb.  per  sq.  ft.  by  Chicago  and  San  Francisco.  For  addi- 
tional data,  see  Table  I. 

The  practice  in  England  as  given  by  Albert  S.  Spencer  in  "  The  Practical  Design 
of  Steel-Framed  Sheds  "  is  as  follows: — The  normal  component  of  a  wind  pressure  of 
30  to  40  lb.  per  sq.  ft.  on  roofs;  and  a  wind  load  of  20  to  25  lb.  per  sq.  ft.  acting  on  the 
sides  and  ends  of  buildings. 

German  specifications  for  design  of  tall  chimneys  specify  wind  loads  per  sq.  ft.  as 
follows: — 26  lb.  on  rectangular  chimneys;  67  per  cent  of  26  lb.  on  circular  chimneys; 
and  71  per  cent  of  26  lb.  on  octagonal  chimneys. 

The  official  specifications  for  the  design  of  steel  framework  in  Prussia  have  recently 
been  amplified  in  the  matter  of  wind  pressures.  For  the  wind-bracing,  as  a  whole,  the 
wind  pressure  on  the  whole  building  is  to  be  taken  as  17  lb.  per  sq.  ft.  For  proportioning 
individual  frame  members,  girts,  studs,  trusses,  etc.,  a  higher  value  of  wind  pressure 
must  be  assumed,  viz.,  28  to  34  lb.  per  sq.  ft. 

Mr.  R.  H.  Fleming  in  his  book  entitled  "  Wind  Stresses,"  recommends  a  wind  load 
of  15  lb.  per  sq.  ft.  on  the  sides  and  ends  and  the  normal  component  of  15  lb.  as  de- 
termined by  Duchemin's  formula  on  the  roof.  For  buildings  over  25  ft.  to  the  eaves,  he 
recommends  that  a  wind  pressure  of  20  lb.  per  sq.  ft.  be  used  in  the  place  of  15  lb.  per 
sq.  ft.  as  given  above. 

Schneider's  "  General  Specifications  for  Structural  Work  for  Buildings  "  requires 
that: — 

''The  wind  pressure  shall  be  assumed  as  acting  in  any  direction  horizontally:  First. — At  20 
lb.  per  sq.  ft.  on  tne  sides  and  ends  of  buildings  and  on  the  actually  exposed  surface,  or  the  vertical 
projection  of  roofs;  Second. — At  30  lb.  per  sq.  ft.  on  the  total  exposed  surfaces  of  all  parts  com- 
posing the  metal  framework.  The  framework  shall  be  considered  an  independent  structure, 
without  walls,  partitions  or  floors.'' 

The  author's  specifications  for  wind  loads  on  office  buildings  as  given  in  the  "  Struc- 
tural Engineers'  Handbook  "  requires  that: — 

Wind  Loads. — All  structures  shall  be  desired  to  resist  the  horizontal  wind  pressure  on  the 
surface  exposed  above  surrounding  buildings  as  follows. 

a.  The  wind  pressure  on  roofs  shall  be  taken  as  the  normal  component,  calculated  by  Duchem- 
in's  formula  (formula  (6)),  of  30  lb.  per  square  foot  on  the  vertical  projection  of  the  roof. 
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b.  The  wind  pressure  on  the  sides  and  ends  of  buildings  except  as  otherwise  provided  in  the 
following  paragraph  shall  be  assumed  as  20  lb.  per  square  foot  acting  in  any  direction  horizontally. 

c.  In  designmg  the  steel  or  reinforced  concrete  framework  of  fireproof  buildings  the  frame- 
work ^all  be  designed  to  resist  a  wind  pressure  of  30  lb.  per  square  foot  acting  on  the  total  exposed 
surface  of  all  parts  composing  the  framework  or  a  horizontal  wind  pressure  of  20  lb.  per  square 
foot  acting  in  any  direction  horizontally  on  the  sides  and  ends  of  the  completed  building.  The 
streng[th  of  reinforced  concrete  floors  may  be  considered  in  calculating  the  strength  of  the  frame- 
work in  the  completed  structure.  The  framework  before  the  structure  has  been  completed  shsdl 
be  selfHsupporting  without  walls,  partitions  or  floors.  In  no  case  shall  the  overturning  moment 
due  to  wind  pressure  exceed  75  per  cent  of  the  resisting  moment  of  the  structure.  In  the  calcu- 
lations for  wmd  bracin^^  the  working  stresses  for  dead  and  hve  loads  may  be  increased  25  per 
cent  providing  the  sections  are  not  less  than  required  for  dead  and  live  loads.  Chimneys  shall 
be  desired  to  resist  a  wind  pressure  of  20  lb.  (}  of  30  lb.)  per  square  foot  acting  on  the  vertfcal 

Projection  of  the  chimney.    Curtain  waUs  carried  on  the  framework  of  steel  or  reinforced  concrete 
uildings  shall  be  designed  to  resist  a  horizontal  pressure  of  30  lb.  per  square  foot  acting  hori- 
zontally on  the  outside  of  the  entire  surface  of  the  wall. 

From  the  above  discussion  it  would  seem  that  30  lb.  per  square  foot  on  the  side  and 
the  normal  component  of  a  horizontal  pressure  of  30  lb.  on  the  roof  would  be  sufficient 
for  all  except  exposed  locations.  If  the  building  is  somewhat  protected  a  horizontal 
pressure  of  20  lb.  per  square  foot  on  the  sides  is  certainly  ample  for  heights  less  than, 
say,  30  feet.  For  the  author's  specifications  for  wind  loads  on  steel  frame  buildings, 
see  Appendix  I. 

Wind  Pressure  on  Inclined  Surfaces. — The  wind  is  usually  taken  as  acting  hori- 
zontally and  the  normal  component  on  inclined  surfaces  is  calculated. 


Fig.  3. 

The  normal  component  of  the  wind  pressure  on  inclined  surfaces  has  usually  been 
computed  by  Hutton's  empirical  formula 

P^  =  P-sin  A*"**^^-*  (5) 

where  Pn  equals  the  normal  component  of  the  wind  pressure,  P  equals  the  pressure  per 
square  foot  on  a  vertical  surface,  and  A  equals  the  angle  of  inclination  of  the  surface 
with  the  horizontal,  Fig.  3 

The  formula  due  to  Duchemin 

^         _,     2  sin  A 

1  +  sin*  A 

where  P»,  P  and  A  are  the  same  as  in  (5),  gives  results  considerably  larger  for  ordinary 
roofs  than  Hutton's  formula,  and  is  coming  into  quite  general  use. 
The  formula 

Pn  =  P-  A/45  \7) 

where  P«  and  P  are  the  same  as  in  (5)  and  (6),  and  A  is  the  angle  of  inclination  of 


372 


LOADS. 


Cbap.  XXIV. 


the  surface  in  degrees  (A  being  equal  to  or  less  than  45°),  gives  results  which  agree 
very  closely  with  Hutton's  formula,  and  is  much  more  simple. 

Hutton'e  formula  (5)  is  based  on  experiments  which  were  very  crude  and  probably 
erroneous.  Duchemin's  formula  (6)  is  based  on  very  careful  experimeuts  and  is  now 
considered  the  most  reliable  formula  in  use.  The  Straight  Line  formula  (7)  agrees  with 
experiments  quite  closely  and  is  preferred  by  many  engineers  on  account  of  its  simplicity. 

The  values  of  P.  as  determined  by  Hutton's,  Duchemin's  and  the  Straight  Line 
formulas  are  given  in  Fig.  4,  for  P  equals  20,  30  and  40  lb.  per  sq.  ft. 

It  is  interesting  to  note  that  Duchemin's  formula  with  P  equals  30  lb.  gives  prac- 
tically the  same  values  for  roofs  of  ordinary  inclination  as  is  given  by  Hutton'a  and  the 
Straight  Line  formulas  with  P  equals  40  lb. 


J-4-K-U-i.     I      I 


Straight  Un*     ?r^A,  (Ak45') 

$,=n<>rmal  fttssor*  m  /b.  ptf  sq^ft 
P'Monzoatal  "     in  Ik  ptP  sq.ft. 


Angit  Exposed  Roof  mskrs  mih  Honzantjl  m  Degrtes  'A 
Fig.  4.     Normal  Wmn  Loah  on  Roof  According  to  Different  FoaMULAS. 


Duchemin  has  also  deduced  the  formula 
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where  Ph  in  (8)  equals  the  pressure  parallel  to  the  direction  of  the  wind,  Fig.  3;  and 

p^^p  2ain^;cosA  ^^^ 

1  +  Sin*  A 

where  P*  in  (9)  equals  the  pressure  at  right  angles  to  the  direction  of  the  wind,  Fig.  3. 
Pi  may  be  an  uplifting,  a  depressing  or  a  side  pressure.  With  an  open  shed  in  exposed 
positions  the  uplifting  effect  of  the  wind  often  requires  attention.  In  that  case  the 
wind  should  be  taken  normal  to  the  inner  surface  of  the  building  on  the  leeward  side, 
and  the  uplifting  force  determined  by  using  formula  (9).  If  the  gables  are  closed  a 
deep  cup  is  formed,  and  the  normal  pressure  should  be  increased  30  to  70  per  cent. 

That  the  uplifting  force  of  the  wind  is  often  considerable  in  exposed  localities  is 
made  evident  by  the  fact  that  highway  bridges  are  occasionally  wrecked  by  the  wind. 
The  most  interesting  example  known  to  the  author  is  that  of  a  100-foot  span  combina- 
tion bridge  in  Northwestern  Montana  which  was  picked  up  bodily  by  the  wind,  turned 
about  90  degrees  in  azimuth  and  dropped  into  the  middle  of  the  river.  The  end  bolsters 
were  torn  loose  although  drift-bolted  to  the  abutments.* 

The  wind  pressure  is  not  a  steady  pressure,  but  varies  in  intensity,  thus  producing 
excessive  vibrations  which  cause  the  structure  to  rock  if  the  bracing  is  not  rigid.  The 
bracing  in  mill  buildings  should  be  designed  for  initial  tension,  so  that  the  building  will 
be  rigid.     Rigidity  is  of  more  importance  than  strength  in  mill  buildings. 

References. — For  additional  data  on  wind  pressures,  see  the  following: — (1) 
"  Wind  Pressures  in  Engineering  Construction,"  by  Capt.  W.  H.  Bixby,  M.  Am.  Soc. 
C.  E.,  published  in  Engineering  News,  Vol.  XXXIII.,  pp.  175-184,  March,  1895. 
(2)  "  Wind  Stresses  "  by  R.  Fleming,  published  by  Engineering  News,  1915. 

LIVE  LOADS  ON  FLOORS.— Live  loads  on  floors  for  mill  buildings  are  very 
hard  to  classify  and  should  be  calculated  for  each  case. 

Floor  loads  as  specified  in  the  building  laws  of  various  cities  are  given  in  Table  I. 

CONCENTRATED  LIVE  LOADS.— The  loads  given  in  Table  II  have  been  pro- 
posed for  different  classes  of  buildings  and  are  from  "  Specifications  for  Structural  Steel 
for  Buildings  "  by  Mr.  C.  C.  Schneider.    These  loads  consist  of: 

(a)  A  uniform  load  per  sq.  ft.  of  floor  area; 

(fi)  A  concentrated  load  which  shall  be  applied  to  all  points  of  the  floor; 

(c)  A  uniform  load  per  linear  foot  for  girders. 

The  maximum  result  is  to  be  used  in  calculations. 

The  specified  concentrated  loads  shall  also  apply  to  the  floor  construction  between 
the  beams  for  a  length  of  five  feet. 

If  heavy  concentrations,  like  safes,  armatures,  or  special  machinery  are  likely  to 
occur  on  floors,  provision  should  be  made  for  them. 

The  weight  of  floors  above  ground  in  mill  buildings  varies  so  much  that  it  is  useless 
to  give  weights. 

*  For  a  description  of  the  wreck  by  the  wind  of  the  High  Bridge  over  the  Mississippi  River 
at  St.  Paul,  Minn.,  see  article  by  C.  A.  P.  Turner  in  Trans.  Am.  Soc.  C.  E.,  Vol.  54,  p.  31. 
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TABLE  L 

Floors  and  Roofs. 

Minimum  Live  Loads,  Pounds  per  Square  Foot. 

By  Building  Laws  of  Various  Cities. 

American  Bridge  Company. 


Kind  of  BiiUding. 


Apartments 

Public  Rooms*  and  Halls 

Assembly  Halls 

Fixed  Seat  Auditoriums 

Movable  Seat  Auditoriums 

Churches 

Dance  Halls 

Drill  Rooms 

Riding  Schools . . .' 

Theaters 

Dwellings 

Public  Rooms* 

Hotels 

First  Floors 

Corridors 

Office  Floors 

Public  Rooms* 

Manufacturing 

Light  Factories 

Mercantile 

Heavy  Storehouses 

Retail  Stores 

Warehouses 

Offices 

First  Floor 

.  Corridors 

Schools  (Class  Rooms) 

Assembly  Rooms — ^Halls 

Sidewalks 

Stables — Carriage  Houses 

Area  less  than  500  sq.  ft 

Stairways  and  Landings 

Fire  Escapes 

Roofs— Flatt ...;... 

Horizontal  Projection  Steep  Roofs 
Superficial  Surface 

Wina  Pressure 


SO 
100 

I2S 


I 


^1 

r 


60 


90 


90 


200 
200 
200 


SO 
100 

so 


100 
100 

I2S 


I2S 
250 
100 

100 


60 

125 


70 

70 
40 


90 
60 


I. 

V    M 

•go 


70 
120 


60 


120 
120 


ISO 


ISO 

75 
150 


75 

90 

300 

75 


50 
30 


30 


70 


70 


•a 
m 


60 


75 
125 

75 


75 
60 


120 
ISO 


ISO 
120 

ISO 
100 


30 

30II 


60 


50 


125 

125 

125 

150 
150 
150 
125 

so 


•2 


SO 
80 

100 
80 

100 

150 


125 


250 

125 


75 
150 


75 


200 
100 


40 
20 


30 


70 


125 

I2S 


200 

125 

200 

70 


70 
70 


sol 

50 

so! 
25 


O 


40 


100 
100 

100 
100 


40 


so 


80 
80 


200 

125 


60 


100 

60 
80 

200 
80 


80 
80 
40 


40 

30II 


100 
40 


03 


60 


100 


SO 


100 


100 
100 

SO 


40 

75 


100 

40 
100 


2S 

iS 


20 


60 


60 
100 


150 


150 

ISO 

70 

150 


100 


40 


30 


60 


125 

75 
125 

I2S 


60 


60 


125 


250 
125 
250 
§0 
ISO 


75 

125 

ISO 
75 


30 
20 


20 


♦  Area  greater  than  500  square  feet, 
t  First  Floors  200. 
X  Slopes  less  than  20  degrees. 

§  Dead  and  live,  except  for  one  story  steel  frame  buildings,  corrugated  iron  roofs,  35  pounds. 
II  High  Buildings,  built  up  districts,  35  pounds;  14  stories  or  over,  25  pounds  at  tenth  story,  2| 
pounds  less  each  story  below. 
Figures  for  manufacturing  establishments  do  not  include  machinery. 
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TABLE  II. 
Table  of  Live  Loads,  Schneider's  Specifications. 


Claaaes  of  Buildings. 


Dwellings,  hotels,  apartment-houses,  dormitories,  hos- 
pitals  

Omce  buildings,  upper  stories 

Schoolrooms,  theater  galleries,  churches 

Ground  floors  of  office  buildings,  corridors  and  stairs  in 
public  buildings . .  .^ 

Assembly  rooms,  main  floors  of  theaters,  ballrooms,  f 
gymnasia,  or  any  room  likely  to  be  used  for  drilling  -i 
or  dancing ^ L 

Ordinary  stores  and  light  manufacturing,  stables  and 
carriage-houses ^ 

Sidewalks  in  front  of  buildings 

Warehouses  and  factories 

Charging  floors  for  foundries 

Power  houses,  for  uncovered  floors 


Live  Loads  in  Pounds. 


Distributed 
Load. 


40 
00 

80 

Floor  100 
Columns  50 

80 
300 
from  120  up 
"     300  '* 


« 


200 


<i 


Concentrated 
Load. 


} 


2  000 

5  000 
5  000 

5  000 

5  000 

8  000 
10  000 
Special 


Load  per 

Linear  Vi.  of 

Girder. 


500 
I  000 
I  000 

I  000 

I  000 


I   000 
I   000 

Special 
It 


The  actual  weights  of 

engines,  boilers,  stacks, 

etc.,  shall  be  used,  but  in 

no  case  less  than  200  lb. 

t  per  sq.  ft. 


TABLE  III. 
Typical  Hand  Cbanes.* 


Maximum 

Weight  of  Rail  for: 

Capacity 

span. 

Wheel 

wlieel 

Side 

Vertical 

in  Tons. 

Base. 

Load  in 
Pounds. 

Cleaxance. 

Clearance. 

Plate  Girders. 

Beams. 

2 

30 

4  ft.  0  in. 

3  100 

7  in. 

4  ft.  0  in. 

30  lb.  per  yd. 

30 

50 

S  "  0  " 

4000 

7  " 

4  "  0  " 

30 

30 

4 

30 

4  "  0  " 

S400 

8  « 

4  "  6  " 

30 

30 

SO 

5  "  0  " 

6500 

8  " 

4  "  0  " 

30 

30 

6 

30 

6  "  0  " 

8000 

9  " 

5  "  0  " 

35 

30 

SO 

7  "  0  " 

9200 

9  " 

5  "  0  " 

35 

30 

8 

30 

6  "  0  " 

10500 

10  " 

5  "  0  " 

40 

35 

SO 

7  "  0  " 

II  800 

10  " 

5  "  0  " 

40 

35 

10 

30 

7  "  0  " 

13  000 

10  " 

5  "  0  " 

40 

40 

SO 

8  "  0  " 

14400 

10  " 

5  "  6  " 

40 

40 

16 

30 

7  "  0  " 

20700 

10  " 

5  "  6  " 

45 

45 

SO 

8  "  0  " 

22  300 

10  " 

5  "  6  " 

45 

45 

20 

30 

7  "  0  " 

26000 

10  " 

5  "  6  " 

SO 

SO 

SO 

8  "  0  " 

28000 

10  " 

5  "  6  " 

SO 

SO 

25 

30 

7  "  0  " 

32300 

12  " 

6  "  0  " 

55 

SO 

SO 

8  "  0  " 

35000 

12  " 

6  "  0  " 

55         " 

50 

*Mr.  C.  C.  Schneider  in  Trans.  Am.  Soc.  C.  E.,  Vol.  54,  1905. 
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TABLE  IV. 
Typical  Electbic  Tbaveunq  Cranbb.* 


8  =  Side  clearance  from  center  of  raiL 

V  =  Vertical  clearance  from  top  of  rail. 

♦  Mr.  C.  C.  Schneider  in  Trans.  Am.  See.  C.  E.,  Vol.  54,  1905. 


Maximum 

Weight  of  RaU  for: 

Capacity 
in  Tons. 

span. 

Wheel 
Base. 

Wheel 
Load,  in 

s. 

V. 

• 

Pounds. 

Plate  Girders. 

Beams. 

5 

40 

8  ft.  6  in. 

12000 

10  in. 

7  ft. 

40  lb.  per  yd. 

40 

60 

9  "  0  " 

13  000 

10  " 

M         " 

^    :: 

40 

lO 

40 

9  "  0  " 

19000 

10  " 

T     ** 

« 

40 

60 

9  "  6  " 

21  000 

10  " 

*7     ** 

4S 

40 

15 

S 

9  "  6  " 
10  "  0  " 

26000 
29000 

10  " 
10  " 

50    « 

so         " 

50 
SO 

20 

40 

10  "  0  " 

33000 

12   " 

8  " 

55    :: 

50 

60 

10  "  6  " 

36000 

12   " 

8  " 

55 

50 

as 

40 

10  "  0  " 

40000 

12   " 

8  " 

60 

50 

60 

10  "  6  " 

44000 

12   " 

8  " 

60 

50 

30 

40 

10  "  6  " 

48000 

12   " 

8  " 

70    « 

60 

60 

II  "  0  " 

52000 

12   " 

8  " 

70    " 

60 

40 

40 

II  "  0  " 

64000 

14  " 

9  " 

80 

60 

60 

12  "  0  " 

70000 

14  " 

^r 

80 

60 

SO 

40 

II  "  0  " 

72000 

14  " 

9  " 

100 

60 

60 

12  "  0  " 

80000 

14  " 

9" 

100 

60 

TABLE  V. 

Weights  of  Building  Material^,  Etc 
Pounds  per  Cubic  Foot. 


Material. 

Brick,  pressed  and  paving. . . 

'*      common  building . . .  . 

"      soft  building 

Granite 

Marble 

Limestone 

Sandstone 

Cinders 

Slag 

Granulated  furnace  slag. . . . 

Gravel 

Slate 

Sand,  clay  and  earth  (dry)  . . 

"        "      "       "     (moist) 

Coal  ashes 

Paving  asphaltum 

Plaster  of  Paris 

Glass 

Water 

Snow,  freshly  fallen 

"      packed 

"      wet 

Spruce 


Weight. 


ISO 
120 
100 
170 
170 
160 

ISO 

40 

160-180 

S3 
120 

100 
120 

4S 
100 

140 

160 

62} 

S 
12 

SO 

2S 


MateriaL 

Hemlock 

White  pine 

Douglas  fir 

Yellow  pine 

White  oak '. 

Mortar 

Stone  concrete 

Cinder      "       

Common  brick  work 

Rubble  masonry,  sandstone 

"  "        limestone ^ 

"  "        granite 

Ashlar         **        sandstone 

"  "        limestone 

«  "        granite 

Cast  iron • 

Wrought  iron 

Steel 

Lead 

Copper,  rolled 

Brass 

Plaster,  ceiling  10  to  is  lb.  per  8q.  ft 


Wdght. 

2S 

2S 
30 

40 

SO 

100 

ISO 

no 

100-120 

130-140 

140 

ISO 
140-150 

i6s 

4S0 
480 

490 
711 

490 
523 


FLOOR   LOADS. 
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WEIGHT  OF  CRANES. — The  approximate  weight  of  a  few  of  the  common  sizes 
of  hand  cranes  are  given  in  Table  III. 

The  weights  and  dimensions  of  typical  traveling  cranes  as  given  in  Table  IV  have 
been  proposed  for  adoption  as  a  standard. 

.  Specifications  for  the  Design  of  Crane  Girders. — In  designing  crane  girders  the  fol- 
lowing specifications  should  be  complied  with. 

1.  Wheel-load  can  be  assumed  as  distributed  in  top  flange,  over  a  distance  equal  to 
depth  of  girder,  with  a  maximum  limit  of  30  in. 

2.  In  addition  to  the  vertical  load,  the  top  flanges  of  the  girder  shall  withstand  a 
lateral  loading  of  two-tenths  of  the  lifting  capacity  of  the  crane,  equally  divided  between 
the  four  wheels  of  the  crane. 

3.  The  top  flanges  of  the  crane  girders  shall  not  be  of  smaller  width  than  one- 
twentieth  of  their  unsupported  length. 

WEIGHTS  OF  MISCELLANEOUS  MATERIAL.— The  weights  of  various  kinds 
of  merchandise  are  given  in  Table  V  and  Table  VI. 

MINIMUM  LOADS  ON  ROOFS.— Schneider's  '*  General  Specifications  for  Struc- 
tural Work  for  Buildings  "  contains  the  following  specification  for  loads  on  ordinary  roofs: 

"In  climates  corresponding  to  that  of  New  York,  ordinary  roofs,  up  to  80  ft.  span,  shall  be 
proportioned  to  carry  the  minimum  loads  in  Table  VII,  per  square  foot  of  exposed  suiface,  applied 
vertically,  to  provide  for  dead,  wind  and  snow  loads  combined: 

TABLE  VII. 

Minimum  Loads  on  Roofs. 

{On  boards,  flat  slope,  1  to  6,  or  less 50  lb. 
On  boards,  steep  slope,  more  than  I  to  6 45  " 
On  3-in.  flat  tile  or  cinder  concrete 60  " 

Corrugated  sheeting,  on  boards  or  purlins 40  " 

Slate  <  ^"^  boards  or  purlins 50  *' 

\  On  3-in.  flat  tile  or  cinder  concrete 65  " 

Tile,  on  steel  purlins 55  " 

Glass 45  " 

"For  roofs  in  climates  where  no  snow  is  likely  to  occur,  reduce  the  foregoing  loads  by  10  lb. 
per  sq.  ft.,  but  no  roof  or  any  part  thereof  shall  be  designed  for  less  than  40  lb.  per  sq.  ft. 

References. — For  additional  data  on  loads,  see  the  author's  "Structural  Engineers' 
Handbook." 


CHAPTER  XXV. 
Framework. 

Definitions. — The  following  definitions  will  assist  the  reader  in  a  study  of  roof 
trusses  and  steel  frame  buildings. 

Truss. — A  truss  is  a  framed  structure  in  which  the  members  are  so  arranged  and 
fastened  at  their  ends  that  external  loads  applied  at  the  joints  of  the  truss  will  cause 
only  direct  stresses  in  the  members.  In  its  simplest  form  a  truss  is  a  triangle  or  a  com- 
bination of  triangles.  In  tliis  chapter  it  will  be  assumed  (1)  that  the  structure  is  not 
constrained  by  the  reactions,  (2)  that  the  axes  of  the  members  meet  in  a  common  point 
at  the  joints,  and  (3)  that  the  joints  have  frictionless  hinges. 

Transverse  Bent. — A  transverse  bent  consists  of  a  truss  supported  at  the  ends  on 
columns  and  braced  against  longitudinal  movement  by  knee  braces  attached  to  the 
lower  chord  of  the  truss  and  to  the  columns. 

Purlin. — A  beam  that  rests  on  the  top  chords  of  roof  trusses  and  supports  the 
sheathing  that  carries  the  roof  covering,  or  supports  the  roof  covering  directly,  or  sup- 
ports rafters. 

Rafter. — A  beam  that  rests  on  the  purlins  and  supports  the  sheathing,  or  may  sup- 
port sub-purlins.     Rafters  are  not  commonly  used  in  mill  buildings. 

Sub-purlin. — A  secondary  system  of  purlins  that  rest  on  the  rafters  and  are  spaced 
so  as  to  support  the  tile  or  slate  covering  directly  without  the  use  of  sheathing. 

Sheathing. — A  covering  of  boards  or  reinforced  concrete  that  is  carried  on  the 
purlins  or  rafters  to  furnish  a  support  for  the  roof  covering. 

Girt — A  beam  that  is  fastened  to  the  columns  to  support  the  side  covering  either 
directly  or  to  support  the  side  sheathing. 

Monitor  Ventilator. — A  framework  at  the  top  of  the  roof  that  carries  fixed  or 
movable  louvres,  or  sash  in  the  clerestory. 

Clerestory. — The  clear  opening  in  the  side  framework  of  a  monitor  ventilator  of  a 
building,  also  the  clear  opening  on  the  side  of  a  building. 

Louvres. — Slats  made  of  metal  or  wood  which  are  placed  in  the  clerestory  of  a 
monitor  ventilator  to  keep  out  the  storm.  Louvres  may  be  fixed  or  movable.  The 
opening  of  a  monitor  ventilator  is  also  called  a  louvre. 

Panel. — The  distance  between  two  joints  in  a  roof  truss  or  the  distance  between 
purlins. 

Bay. — The  distance  between  two  trusses  or  transverse  bents. 

Pitch. — The  pitch  of  a  truss  is  the  center  height  of  the  truss  divided  by  the  span 
where  the  truss  is  symmetrical  about  the  center  line. 
Other  terms  are  defined  when  they  are  first  used. 
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STEEL  FKAlfE  HILL  BITILDINGS.— The  framework  of  a.  steel  frame  miU 
building  consists  of  a  series  of  transverse  bents,  which  carry  the  purlins  on  the  tops  of 
the  trusses,  and  girts  on  the  Bides  of  the  columns  to  carry  the  covering,  Fig.  1.  The 
framework  is  braced  by  diagonal  bracing  in  the  planes  of  the  roof  and  the  sides  of  the 
building,  and  in  the  plane  of  the  lower  chorda.  A  transverse  bent  consists  of  a  roof 
truss  supported  at  the  ends  on  columns  and  is  braced  against  endwise  movement  by 
means  of  knee  braces.  The  framing  plan  for  a  steel  frame  mill  building  is  shown  in 
Fig.  1.  Steel  mill  buildings  are  also  made  with  end  trusses  in  place  of  the  end  framing 
shown  in  Fig.  1. 
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Fia.  1.    Frambwobe  fob  a  Steel  Mill  BuiLDma. 


The  end  post  bent,  shown  in  Fig.  1,  usually  requires  less  material  than  the  end 
trussed  bent  shown  in  Fig.  2,  and  is  commonly  used  for  simple  mill  buildings.  Ex- 
tensions can  be  made  with  about  equal  ease  in  either  case,  and  the  choice  of  methods 
will  usually  be  determined  by  the  local  conditions  of  the  problem  and  the  fancy  of  the 
designer.  In  train  sheds  and  similar  structures  the  end  trussed  bent.  Fig.  2,  is  used. 
Where  the  truss  span  is  quite  long,  as  in  train  sheds,  the  end  trusses  are  often  designed 
for  lighter  loads  than  are  the  intermediate  trusses,  thus  saving  considerable  material. 
In  the  case  of  simple  mill  buildings  of  moderate  size  all  trusses  are,  however,  commonly 
made  alike,  the  extra  cost  of  detailing  being  usually  more  than  the  amount  saved  in 
material. 

In  train  sheds,  ooliseums,  and  similar  structures  requiring  a  large  floor  space,  the 
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twQ-hinged  or  the  three-hinged  arch  may  be  used  in  place  of  the  typical  transverse  bent 
system. 

The  framework  of  a  steel  frame  building  may  be  made  rigid  without  the  use  of 
knee  braced  bents.  The  steel  frame  warehouse  shown  in  Fig.  3  is  236  ft.  S  in.  wide  by 
378  ft.  6  in.  long.     The  interior  columns  are  spaced  94  ft.  7}  in.  centers  and  support 


1.  2.    A.  T.  A  8.  F.  R.  R.  BLACKfonrH  Shop,  Topeea,  Kas. 
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valley  girders  10  ft.  0  in.  deep.  The  main  trusses  are  spaced  15  ft.  9^  in.  and  are  sup- 
ported by  outside  columns  and  by  the  valley  girders.  The  columns  are  pin-connected 
at  top  and  bottom.  The  wind  loads  coming  on  the  sides  of  the  building  are  transferred 
to  the  ends  of  the  building  by  stiff  bracing  in  the  plane  of  the  lower  chords  of  the  trusses; 
and  are  transferred  to  the  foundations  on  the  leeward  side  of  the  end  bents  by  means  of 
bracing  as  shown.  The  building  also  has  lateral  bracing  in  the  sides  of  the  building. 
This  arrangement  of  the  framework  gives  a  floor  space  with  only  three  interior  columns, 
and  a  maximum  clearance  under  the  trusses. 

The  following  specifications  for  bracing  roof  trusses  and  steel  frame  buildings  is 
taken  from  the  author's  ''  General  Specifications  for  Steel  Frame  Buildings  "  in  Ap- 
pendix I. 

§  8.  Bracing. — ^Roof  trusses  supported  on  masonry  walls  or  on  columns,  and  transvese  bents 
shall  be  braced  in  pairs.  The  pairs  of  trusses  or  transverse  bents  shall  have  bracing  in  the  planes 
of  the  top  and  bottom  chords,  and.  unless  rigidly  braced  bv  other  means,  shall  have  transverse 
bracing  between  the  trusses  locatea  approximately  at  the  third  points  of  the  lower  chord.  The 
pairs  of  trusses  and  transverse  bents  shall  be  connected  by  rigid  bracing  in  the  plane  of  the  lower 
chords  in  line  with  the  lower  chords  of  the  transverse  bracing.  Steel  frame  Duildings  without 
effective  knee  braces  shall  have  diagonal  bracing  extending  between  all  pairs  of  trusses  so  ar- 
ranged as  to  transmit  the  wind  loads  to  the  ends  of  the  building,  and  the  sides  and  the  end 
bents  shall  be  braced  to  transmit  the  wind  loads.  Bracing  in  the  plane  of  the  lower  chords  shall 
be  stiff;  bracing  in  the  planes  of  the  top  chords,  sides  and  ends  may  be  made  adjustable. 

1 22.  In  steel  frame  buildings  having  efficient  knee-braced  bents  and  also  so  braced  as  to 
transmit  wind  loads  through  the  planes  of  the  upper  and  lower  chords,  the  sides  and  ends  as  in  §  8, 
the  wind  load  may  be  assumed  as  taken  equally  by  the  two  systems  of  bracing.  In  which  case 
the  transverse  bents  may  be  designed  to  carry  one-half  the  wind  loads  specified  in  §  21. 

The  various  parts  of  the  framework  of  mill  buildings  will  be  taken  up  and  discussed 
in  order. 

TRUSSES. — Types  of  Trusses. — The  proper  type  of  roof  truss  to  use  in  any  par- 
ticular case  will  depend  upon  the  span,  clear  headroom,  style  of  truss  preferred,  and 
other  conditions.  For  spans  up  to  about  100  feet,  the  Fink  type  of  truss  is  commonly 
used.  This  type  of  truss  has  the  advantage  of  short  struts,  simplicity  of  details  and 
economy.  The  stresses  that  control  the  design  are,  with  but  a  very  few  exceptions, 
those  caused  by  an  equivalent  uniform  dead  load,  thus  simplifying  the  calculation  of 
stresses. 

The  outline  of  the  truss  will  depend  upon  the  spacing  of  the  purlins,  and  upon 
whether  or  not  the  purlins  are  placed  at  the  panel  points  of  the  truss.  The  most  eco- 
nomical and  pleasing  arrangement  is  to  make  a  panel  point  in  the  truss  under  each 
purlin.  Taking  the  normal  wind  load  on  the  roof  at  from  25  to  30  lb.  per  sq.  ft.,  it  will  be 
seen  in  Fig.  4,  Chapter  XXVIII,  that  for  Nos.  20  and  22  corrugated  steel,  when  used 
without  sheathing,  the  purlins  should  be  spaced  from  4  to  5  ft.  If  this  spacing  is  ex- 
ceeded corrugated  steel  roofing  supported  directly  on  the  purlins  is  almost  certain  to 
leak.  Where  sheathing  is  used  the  purlin  spacing  can  be  made  greater.  Many  de- 
signers, however,  pay  no  attention  to  the  matter  of  placing  the  purlins  at  the  panel 
points,  the  upper  chord  of  the  truss  being  stiffened  to  take  the  flexural  stress. 

In  Fig.  4,  (a)  shows  the  form  of  a  Fink  truss  for  a  span  of  30  ft.;  (b)  for  a  span  of 
40  ft. ;  (c)  for  a  span  of  50  ft. ;  (d)  for  a  span  of  60  ft. ;  and  (e)  for  a  span  of  80  ft.,  on  the 
assumption  that  the  purlins  are  spaced  from  4  to  5  ft.,  and  come  at  the  panel  points  of 
the  truss.  If  trusses  with  vertical  posts  are  desired  the  triangular  trusses  (h)  and  (j), 
or  Fink  truss  (f)  may  be  used.    The  truss  shown  in  (i)  is  occasionally  used  for  long 
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spans,  although  it  has  little  to  recommend  it  except  novelty.  The  truss  shown  in  (k) 
is  used  where  there  is  ample  headroom.  The  quadrangular  truss  shown  in  (1)  and  the 
camel-back  truss  shown  in  (m),  are  used  for  long  spans  where  the  appearance  of  the 
truss  is  an  important  feature,  as  in  convention  halls  and  train  sheds.  The  lower  chords 
of  mill  building  trusses  are  usually  made  horizontal,  but  by  giving  the  lower  chord  a 
camber,  as  in  (g),  the  app)earance  from  the  side  is  greatly  improved. 

Saw  Tooth  Roofs. — The  common  type  of  saw  tooth  roof  is  shown  in  (m)  Fig.  5. 
The  glazed  leg  faces  the  north  and  permits  only  indirect  light  to  enter  the  building,  thus 
doing  away  with  the  glare  and  varying  intensity  of  light  in  buildings  where  direct  sun- 
light enters.  In  cold  climates  the  snow  drifts  the  gutters  nearly  full  and  causes  loss  of 
light  and  also  leakage  from  the  overflowing  gutters.  The  modified  saw  tooth  roof 
shown  in  (n)  was  designed  by  the  author,  to  obviate  the  defects  in  the  common  t3rpe  of 
saw  tooth  roof.  The  modified  saw  tooth  roof  permits  the  use  of  a  greater  span  and  more 
economical  pitch  than  the  common  form  shown  in  (m).  This  modified  saw  tooth  roof 
allows  the  use  of  ordinary  valley  gutters,  and  gives  an  opportunity  to  take  care  of  the 
condensation  on  the  inner  surface  of  the  glass  by  suspending  a  gutter  at  the  bottom  of 
the  monitor  leg.  Snow  will  cause  very  little  trouble  with  this  roof  on  account  of  the 
increased  depth  of  gutter.  Condensation  on  the  inner  surface  of  the  glazed  leg  can  be 
practically  prevented  by  using  double  glazing  with  an  air  space  between  the  sheets  of 
glass.  To  prevent  condensation  the  air  space  between  the  glass  should  be  opened  to 
the  outside  air  by  means  of  holes  about  i  in.  in  diameter.  Double  glazing  in  windows 
and  skylights  makes  the  building  much  easier  to  heat,  the  air  space  making  an  almost 
perfect  non-conductor. 

Methods  of  Lighting  and  Ventitation. — ^A  few  of  the  forms  of  trusses  in  common 
use  where  ventilation  and  light  are  provided  for  are  shown  in  Fig.  5.  The  Fink  truss 
with  monitor  ventilator  and  skylights  in  the  roof  shown  in  (a),  is  a  favorite  tj'pe  for 
shops;  truss  (b)  with  double  monitor  ventilator  is  especially  adapted  to  round  house 
construction;  trusses  (c)  and  (e)  are  adapted  to  shop  and  factory  construction  where 
a  large  amount  of  light  is  desired,  ventilation  being  obtained  by  means  of  circular 
ventilators;  truss  (d)  is  similar  to  (c)  and  (e),  but  allows  of  better  ventilation;  truss 
(f)  has  skylights  in  the  roof  and  has  circular  ventilators  placed  along  the  ridge  of  the 
roof;  truss  (g)  is  the  type  in  common  use  for  blacksmith  shops,  boiler  houses,  and 
roofs  of  small  span.  The  "silk  mill"  roof  shown  in  (h)  was  used  by  the  Elots 
Throwing  Co.  in  their  silk  mill  at  Carbondale,  Pa.  The  spans  of  the  three  trusses 
are  48  ft.  8  in.  each,  with  a  clerestory  of  13  ft.  9  in.  in  the  monitor  ventilators,  which 
are  glazed  with  glass  11  ft.  high.  The  monitors  face  east  and  west,  allowing  a 
maximum  amount  of  direct  sunlight  in  the  morning  and  evening,  and  none  at 
midday.  This  roof  has  given  very  satisfactory  results;  however,  it  would  seem  to 
the  author  that  it  would  be  necessary  to  use  shades,  and  that  there  would  be  shadows  in 
the  building.  The  trusses  in  this  building  are  spaced  10  ft.  6  in.  apart  and  support  the 
plank  sheathing  which  carries  the  roof,  no  purlins  being  used.  The  shafting  to  run  the 
machinery  in  this  building  is  placed  in  a  sub-basement;  a  method  much  more  economical 
and  convenient  than  the  common  one  of  suspending  the  shafting  from  the  trusses. 

A  roof  truss  with  saw  tooth  skylights  is  shown  in  (1).  The  common  type  of  saw 
tooth  roof  is  shown  in  (m).  The  modified  saw  tooth  roof  proposed  by  the  author  in 
1903  is  shown  in  (n).    The  advantages  of  the  modified  saw  tooth  roof  have  already  been 
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pointed  out.     For  a  detail  design  of  a  modified  saw  tooth  roof,  see  Fig.  2,  Chapter 
XXVI  and  Fig.  2,  Chapter  XXX. 

The  saw  tooth  roof  in  Fig.  6  is  used  for  industrial  buildings  where  it  is  desired  to 
eliminate  interior  columns.  In  a  region  of  heavy  snows  the  gutters  in  the  saw  tooth 
roof  in  Fig.  6  should  be  made  deep  to  prevent  roof  leakage.     This  form  of  saw  tooth 

Sf^ruf  -^ Sfri/f  -p 


Fia.  6.    Saw  Tooth  Roof  Tbuss  with  Exposed  Upper  Chord. 

roof  will  give  very  satisfactory  results  in  localities  with  a  mild  climate,  but  will  not 

give  as  satisfactory  results  as  will  the  modified  saw  tooth  roof  in  regions  of  heavy  snows. 

The  roof  shown  in  Fig.  7  is  a  modification  of  the  ''  silk  mill  "  roof  shown  in  (h), 


(a)  Reinforced  Concrete 


ipojo'; 

(b)  Steel  Frame 


FiQ.  7.    Roof  Trusses  with  Double  Ventilator. 

Fig.  5.  The  claim  is  made  for  this  type  of  roof  that  the  ventilation  is  much  better  than 
in  any  other  type  of  roof.  This  type  of  roof  may  be  made  of  reinforced  concrete  as 
shown  in  (a)  or  of  steel  as  shown  in  (b),  Fig.  7. 

The  building  shown  in  Fig.  8  has  the  advantage  of  long  truss  spans,  few  interior 
columns,  a  flat  roof,  excellent  light  and  effective  ventilation.  This  type  of  roof  has 
recently  been  used  in  several  large  industrial  and  railroad  shops  and  has  proved  to  be 
very  efficient  as  well  as  economical.  In  calculating  the  spacing  and  size  of  the  saw 
tooth  skylights  reflected  light  should  be  assumed  as  entering  the  building  at  an  angle  of 
45^  with  the  horizontal  (h),  Fig.  8.  The  saw  tooth  skylights  may  be  made  of  several 
types  as  shown  in  (c),  (d)  and  (e).  Fig.  8.  For  effective  lighting  buildings  should  be 
spaced  as  shown  in  (i),  Fig.  8. 

The  roof  shown  in  (i)  Fig.  11,  gives  very  effective  lighting  and  ventilation  with  an 
economical  truss  and  a  pitched  roof.  This  type  of  roof  has  been  patented,  although 
roofs  of  this  type  have  been  used  in  Europe  for  many  years.  A  roof  of  this  type,  called 
the  "  Boileau  roof  "  was  exhibited  at  the  Paris  Exhibition  of  1878.  A  description  of 
the  "  Boileau  roof  "  is  given  in  "  Nouvelles  Annales  de  la  Construction,"  May,  1877. 

Pitch  of  Roof. — The  pitch  of  a  roof  is  given  in  terms  of  the  center  height  divided 
by  the  span;  for  example  a  60-ft.  span  truss  with  \  pitch  will  have  a  center  height  of 
15  ft.  The  minimum  pitch  allowable  in  a  roof  will  depend  upon  the  character  of  the 
roof  covering,  and  upon  the  kind  of  sheathing  used.     For  corrugated  steel  laid  directly  on 
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purlins,  the  pitch  should  preferably  be  not  less  than  i  (6  in.  in  12  in.),  and  the  minimum 
pitch,  unless  the  joints  are  cemented,  not  less  than  ^.  Slate  and  tile  should  not  be  used 
on  a  less  slope  than  |  and  preferably  not  less  than  |.  The  lap  of  the  slate  and  tile  should 
be  greater  for  the  less  pitch.  Tar  and  gravel  should  not  be  used  on  a  roof  with  a  greater 
pitch  than  3  in.  in  12  in.  Asphalt  is  inclined  to  run  and  should  not  be  used  on  a  roof 
with  a  pitch  of  more  than,  say,  2  inches  to  the  foot.  If  the  laps  are  carefully  made  and 
cemented  a  gravel  and  tar  or  asphalt  roof  may  be  practically  flat;  a  pitch  of  f  to  1  inch 
to  the  foot  is,  however,  usually  preferred.  Tin  may  be  used  on  a  roof  of  any  slope  if 
the  joints  are  properly  soldered.     Most  of  the  patent  composition  roofings  give  better 
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satisfaction  if  laid  on  a  roof  with  a  pitch  of  ^  to  \.  Shingles  should  not  be  used  on  a 
roof  with  a  pitch  less  than  J,  and  preferably  the  pitch  should  be  ^  to  ). 

Fitch  of  Truss. — There  is  very  little  difference  in  the  weight  of  Fink  trusses  with 
horizontal  bottom  chords,  in  which  the  top  chord  has  a  pitch  of  J,  \,  or  J.  The  dif- 
ference in  weight  is  quite  noticeable,  however,  when  the  tower  chord  is  cambered;  the 
truss  with  the  §  pitch  being  tlien  more  economical  than  either  the  ^  or  the  i  pitch. 
Cambering  the  lower  chord  of  a  truss  more  than,  say,  1/40  of  the  spaa  adds  considerable 
to  the  weight.  For  example  the  computed  weights  of  a  60-ft.  Fink  truss  with  a  hori- 
zontal lower  chord,  and  a  60-ft.  Fink  truss  with  a  camber  of  3  ft.  in  the  lower  chord, 
showed  that  the  cambered  truss  weighed  40  per  cent  more  for  the  i  pitch  and  15  per 
cent  more  for  the  |  pitch,  than  the  truss  having  the  same  pitch  with  horizontal  lower 
chord.  It  is,  however,  desirable  for  appearance  sake  to  put  a  slight  camber  in  the 
bottom  chords  of  roof  trusses,  for  the  reason  that  to  the  eye  a  horizontal  lower  chord 
will  appear  to  sag  if  viewed  from  one  side. 

In  deciding  on  the  proper  pitch,  it  should  benoted  that  while  the  J  pitch  gives  a 
better  slope  and  has  a  less  snow  load  than  a  roof  with  i  or  J  pitch,  it  has  a  greater  wind 
load  and  more  roof  surface.  Taking  all  things  into  consideration  }  pitch  is  probably 
the  most  economical  pitch  for  a  roof.  A  roof  with  |  pitch  ia,  however,  very  nearly  as 
economical,  and  should  preferably  be  used  where  corrugated  steel  roofing  Is  used  with- 
out sheathing,  and  where  the  snow  load  is  large. 

Economic  Spacing  of  Trusses. — The  weight  of  the  trusses  and  columns  per  square 
foot  of  area  decreases  as  the  spacing  increases,  while  the  weight  of  the  purlins  and 
girts  per  square  foot  of  area  increases  as  the  spacing  increases.  The  economic  spacing 
of  the  trusses  is  a  function  of  the  weight  per  square  foot  of  floor  area  of  the  truss,  the 
piurlins,  the  side  girts  and  the  columns,  and  also  of  the  relative  cost  of  each  kind  of 
material.  For  any  given  conditions  the  spacing  which  makes  the  sum  of  these  quantities 
a  minimum  will  be  the  economic  spacing.  It  is  desirable  to  use  simple  rolled  sections 
for  purlins  and  girts,  and  under  these  conditions  the  economic  spacing  will  usually  be 
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between  16  and  25  feet.  The  smaller  value  being  about  right  for  spans  up  to,  say. 
60  feet,  designed  for  moderate  loads,  while  the  greater  value  is  about  right  for  long 
spans,  designed  for  heavy  loads. 

Calculations  of  a  series  of  simple  Fink  trusses  resting  on  walls  and  having  a  uni- 
form span  of  60  feet,  and  different  spacings  gave  the  least  weight  per  square  foot  of 
horizontal  projection  of  the  roof  for  a  spacing  of  18  feet,  and  the  least  weight  of  trusses 
and  purlins  combined  for  a  spacing  of  10  feet.  The  weight  of  trusses  per  square  foot 
was,  however,  more  for  the  10-ft.  spacing  than  for  the  18-ft.  spacing,  so  that  the  actual 
cost  of  the  steel  in  the  roof  was  a  minimum  for  a  spacing  of  about  16  feet;  the  shop 
cost  of  the  trusses  per  pound  being  several  times  that  of  the  purlins.  Local  conditions 
and  requirements  usually  control  the  spacing  of  the  trusses  so  that  it  is  not  necessary 
that  we  know  the  economic  spacing  very  definitely. 

The  present  (1921)  practice  is  to  space  trusses  16-ft.  centers  up  to  a  50-ft.  span, 
and  20-ft.  centers  for  spans  of  60  ft.  to  100  ft. 

For  long  spans  the  economic  spacing  can  be  increased  by  using  rafters  supported 
on  heavy  purlins,  placed  at  greater  distances  than  would  be  required  if  the  roof  were 
carried  directly  by  the  purlins.  This  method  is  frequently  used  in  the  design  of  train 
sheds  and  roofs  of  buildings  where  plank  sheathing  is  used  to  support  slate  or  tile  cover- 
ings, or  where  the  tiles  are  supported  by  angle  sub-purlins  spaced  close  together  as 
shown  in  Fig.  9. 

TRANSVERSE  BENTS.—The  proper  cross-section  for  a  mill  building  will  de- 
pend upon  the  use  to  which  the  finished  structure  is  to  be  put.  A  number  of  the  common 
types  of  transverse  bents  are  shown  in  Fig.  10.  Transverse  bents  (a),  (b),  (d)  and  (h) 
are  commonly  used  for  boiler  houses,  shops  and  small  train  sheds.  Where  a  traveling 
crane  is  desired,  the  crane  girders  are  commonly  suspended  from  the  trusses  in  the  bents 
referred  to,  although  the  crane  may  be  made  to  span  the' entire  building  as  in  (h). 
Transverse  bent  (d)  was  used  for  a  round  house  with  excellent  results.  Transverse 
bents  (f)  and  (g)  are  quite  commonly  used  where  it  is  desired  that  the  main  part  of  the 
building  be  open  and  be  provided  with  a  traveling  crane  that  will  sweep  the  building, 
while  the  side  rooms  are  used  for  lighter  tools  and  miscellaneous  work.  Transverse 
bent  (c)  may  be  used  in  the  same  way  as  (g),  by  supplying  a  traveling  crane.  Trans- 
verse bent  (e)  is  very  often  used  for  shops. 

Several  types  of  transverse  bents  as  used  in  industrial  buildings  in  Germany  are 
shown  in  Fig.  11.  These  designs  make  use  of  trussed  columns,'  cantilever  trusses  and 
three-hinged  arches.  The  types  of  structures  shown  in  Fig.  11  may  be  adopted  in 
designing  industrial  buildings  with  profit.  The  roof  with  transverse  ventilators  and 
skylights  shown  in  (i)  has  been  extensively  used  in  the  United  States,  and  has  many 
points  of  merit.  The  roof  in  (i)  is  known  in  Europe  as  the  *'  Boileau  roof,"  a  model  of 
which  was  exhibited  at  the  Paris  Exposition  of  1878. 

In  the  shops  of  the  American  Bridge  Co.  at  Gary,  Ind.,  shown  in  Fig.  12,  the  main 
section  has  roof  trusses  of  lOO-ft.  span  with  a  pitched  roof;  while  the  remainder  of  the 
building  has  saw  tooth  skylights  carried  on  trusses  with  parallel  chords.  The  interior 
columns  are  spaced  66  ft.  8  in.  in  one  direction  and  100  ft.  in  the  other.  This  building 
has  very  effective  lighting  and  efficient  ventilation. 

In  the  Railway  Shops  of  the  Central  Ry.  of  Georgia,  shown  in  Fig.  12,  saw  tooth 
skylights  are  carried  on  longitudinal  trusses. 
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The  cross-section  of  a  locomotive  shop  for  the  Eastern  Railway  of  France  is  shown 
in  Fig.  13.  The  entire  building  is  made  of  fireproof  materials,  the  framework  is  of 
iron  and  the  roof  of  sheet  metal  and  glass.  The  building  extends  from  east  to  west 
and  has  a  saw  tooth  roof,  with  the  shorter  leg  facing  north,  and  glazed  with  crinkled 


Fig.  13.    Locomotive  Shop,  Eastern  Railway  op  France. 


glass.  The  floor  is  made  of  treated  oak  cubes  measuring  3.94  in.  on  the  edge,  set  with 
the  grain  vertical,  on  a  bed  of  river  sand  about  8  in.  thick.  The  saw  tooth  roof  is  well 
suited  to  structures  of  this  class. 

The  detail  design  of  a  transverse  bent  is  given  in  Chapter  XXXVIII. 

Cross-sections  of  the  locomotive  shops  of  several  of  the  leading  railways  are  shown 
in  Fig.  14,  and  the  locomotive  shops  of  the  A.  T.  &  S.  F.  R.  R.  are  described  in  detail 
in  Chapter  XXVI.  These  buildings  are  built  with  self-supporting  frames,  and  have 
brick  walls  built  outside  the  framing  or  brick  curtain  walls  built  between  the  columns. 
The  arrangement  of  the  cranes,  provisions  for  lighting  and  ventilating,  and  the  main 
dimensions  are  shown  in  the  cuts  and  need  no  explanation. 

Riveted  trusses  are  quite  generally  used  in  train  sheds;  a  notable  exception  to  this 
statement,  however,  being  the  trusses  for  the  train  shed  of  the  C.  R.  I.  &  P.,  and  L.  S. 
&  M.  S.  Railways  in  Chicago.  The  trusses  in  this  structure  have  a  length  of  span  of 
207  ft.,  a  rise  of  the  bottom  chord  of  40  ft.  and  a  depth  of  truss  at  the  center  of  25  ft. 
The  trusses  are  pin  connected,  the  compression  members  being  built-up  channels  and 
the  tension  members  eye-bars.  The  building  is  described  in  detail  in  Engineering  News, 
August  6,  1903. 

ROOF  ARCHES. — Roof  arches  are  used  where  a  large  clear  floor  space  is  required 
as  in  coliseums,  exposition  buildings  and  train  sheds,  Fig.  15.  The  arches  are  braced 
in  pairs  and  carry  the  roof  covering.  Arches  may  have  one,  two  or  three  hinges,  or 
may  be  made  without  hinges.  Three-hinged  arches  are  statically  determinate  struc- 
tures, while  the  stresses  in  all  other  arches  are  statically  indeterminate.  Arches  with- 
out hinges  are  used  for  domes.  Three-hinged  roof  arches  have  been  commonly  used 
in  America,  although  the  two-hinged  roof  arch  is  more  economical  and  has  many  ad- 
vantages. Arches  may  have  a  horizontal  tie  as  in  the  Chicago  Stock  Pavilion  and  the 
Government  Building,  or  the  horizontal  reactions  may  be  carried  by  the  foundations 
as  in  the  St.  Louis  Coliseum,  Fig.  15.  For  the  calculation  of  the  stresses  in  three- 
hinged  arches,  see  Chapter  XI,  and  in  two-hinged  roof  arches,  see  Chapter  XX.  The 
Government  building  is  described  in  Chapter  XXVI. 
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TRUSS  DETAILS. — Riveted  trusses  are  commonly  used  for  mill  buildings  and 
similar  structures.  For  ordinary  loads,  the  upper  and  lower  chords,  and  the  main 
struts  and  ties  are  commonly  made  of  two  angles  placed  back  to  back,  forming  a  T-sec- 
tion,  the  connections  being  made  by  means  of  plates.    The  upper  chord  should  prefer- 
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ably  be  made  of  unequal  legged  angles  with  the  short  legs  turned  out.  Sub-struts  and 
ties  are  usually  made  of  one  angle.  Flats  should  not  be  used.  Where  a  truss  member 
is  made  of  two  angles  placed  back  to  back,  the  angles  should  always  be  riveted  together 
at  intervals  of  2  to  4  ft. 

Trusses  that  carry  heavy  loads  or  that  support  a  traveling  crane  or  hoist,  are  very 
often  made  with  a  lower  chord  composed  of  two  channels  placed  back  to  back  and 
laced  or  battened,  and  are  sometimes  made  with  channel  chord  sections  throughout, 
see  Fig.  14,  Chapter  XXVI. 

When  the  purlins  are  not  placed  at  the  panel  points  of  the  truss  the  upper  chord 
must  be  designed  for  flexure  as  well  as  for  direct  stress.  The  section  in  most  common 
use  for  the  upper  chord,  where  the  purlins  are  not  placed  at  the  panel  points,  is  one  com- 
posed of  two  angles  and  a  plate  as  shown  in  (d).  Fig.  3,  Chapter  XXVII. 

Details  of  end  connections  of  trusses  are  shown  in  Fig.  16.  The  neutral  axes  of 
the  members  meeting  at  any  joint  should  intersect.  With  angle  truss  members  the 
ideal  condition  is  nearly  met  when  the  rivet  gage  lines  meet  as  shown  in  (a),  (b),  (c), 
(j),  (k),  and  (1),  Fig.  16.  The  types  of  end  connections  shown  in  (a),  (b)  and  (c)  should 
preferably  be  used  for  column  connections  in  place  of  the  end  truss  connections  shown 
in  (g),  (h)  and  (i).  Column  connections  may  be  made  as  shown.  The  connection 
shown  in  (g)  is  the  most  effective  and  should  preferably  be  used.  Expansion  ends  of 
trusses  may  be  carried  on  a  steel  sliding  plate,  or  on  rollers,  or  on  a  cast  rocker.    The 
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cast  rocker  is  the  most  satisfactory  and  effective  solution  for  the  expansion  end  of  a 
roof  truss. 

Trusses  supported  directly  on  masonry  walls  have  one  end  supported  on  sliding 
plates  for  spans  up  to  about  70  ft.;  for  greater  lengths  of  span  one  end  should  be  placed 
on  rollers,  or  should  be  carried  on  a  rocker.  Trusses  for  mill  buildings  should  be  made 
with  riveted  rather  than  with  pin  connections,  on  account  of  the  greater  rigidity  of 
the  riveted  structure.  The  complete  shop  drawings  of  a  truss  for  the  machine  shop  at 
the  University  of  Illinois  are  shown  in  Fig.  17.  This  truss  is  more  completely  detailed 
than  is  customary  in  most  bridge  shops.  The  practice  in  many  shops  is  to  sketch  the 
truss,  giving  main  dimensions,  number  of  rivets  and  lengths  of  members,  and  depending 
on  the  templet  maker  for  the  rest.  In  Fig.  17  the  rivet  gage  lines  are  taken  as  the  center 
lines.  This  is  the  most  common  practice,  although  many  use  one  leg  of  the  angle  as 
the  center  line  in  secondary  members.  The  latter  method  has  the  advantage  of  re- 
ducing the  length  of  connection  plates  without  introducing  secondary  stresses  that  are 
liable  to  be  troublesome. 

The  detail  design  of  a  roof  truss  is  given  in  Chapter  XXXVI. 

The  detail  shop  drawings  of  the  crane  girder  truss  used  in  the  machine  shop  built 
at  the  U.  8.  Smokeless  Powder  Plant,  Nitro,  W.  Va.,  is  shown  in  Fig.  18.  The  plans 
for  this  machine  shop  are  shown  in  Fig.  10,  Chapter  XXVI. 

COLUMNS. — The  common  forms  of  columns  used  in  mill  buildings  are  shown  in 
Fig.  19.  For  side  columns  where  the  loads  are  not  excessive,  column  (g)  composed  of 
four  angles  and  a  web  plate  is  probably  the  best.  In  this  column  a  large  radius  of 
gyration  about  an  axis  at  right  angles  to  the  direction  of  the  wind  is  obtained  with  a 
small  amount  of  metal.  The  web  plate  should  be  designed  to  take  the  shear.  The  I 
beam  column  (i)  makes  a  good  side  column  where  proper  connections  are  made,  and 
is  commonly  used  for  end  columns  (see  Fig.  1).  The  best  corner  column  is  made  of 
an  equal  legged  angle  with  5-,  6-  or  8-in.  legs,  (j)  Fig.  19.  The  column  made  of  4  angles 
laced  as  shown  in  (h),  was  formerly  much  used  for  side  columns,  but  its  use  is  no  longer 
good  practice. 

Columns  made  of  two  channels  laced,  or  two  channels  and  two  plates,  are  used 
where  moderately  heavy  loads  are  to  be  carried.  Channel  column  (a),  with  channels 
turned  back  to  back  and  laced,  is  the  form  most  commonly  used;  column  (b),  with  the 
backs  of  the  channels  turned  out  and  laced,  gives  a  better  chance  to  make  connections 
and  can  be  made  to  enter  an  opening  without  chipping  the  legs  of  the  channel;  column 
(c)  is  a  closed  section  and  is  seldom  used  on  that  account.  The  cost  of  the  shop  work 
on  column  (b)  was  formerly  considerably  more  than  for  column  (a),  for  the  reason  that 
it  was  impossible  to  use  a  power  riveter  for  driving  all  the  rivets.  A  pneumatic  riveter 
is  now  made,  however,  that  will  drive  all  the  rivets  in  column  (b),  and  the  shop  cost  for 
columns  (a)  and  (b)  are  practically  the  same. 

Where  very  heavy  loads  are  to  be  carried,  columns  (d),  (e)  or  (f)  are  often  used. 
Column  (d),  composed  of  two  channels  and  one  I  beam,  is  a  very  economical  column 
and  is  quite  often  used  as  a  substitute  for  the  Z-bar  column  shown  in  (e),  for  the  reason 
that  it  can  be  built-up  out  of  the  material  that  is  in  stock  or  that  can  be  easily  obtained. 
Connections  for  beams  are  easily  and  effectively  made  with  either  columns  (d)  or  (e). 
The  H-column  in  (k)  or  the  built-up  H-column  in  (1)  make  excellent  columns  for  heavy 
loads.    The  Larimer  column  (m)  is  a  patented  column  manufactured  by  Jones    & 
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Laughlins.  The  Gray  column  (n)  is  a  patented  column  and  is  but  little  used.  Columns 
made  of  four  angles  box-laced,  are  used  where  extremely  light  loads  are  carried  by  very 
long  columns.  The  shop  cost  of  column  (o)  is  somewhat  less  than  that  of  column  (p), 
although  with  small  angles  there  is  no  difficulty  in  riveting  (p)  with  a  machine  riveter. 
Column  (q)  is  a  very  poorly  designed  columD,  for  the  reason  that  the  radius  of  gyration 
is  very  small  for  the  area  of  a  cross-section  of  the  column.  Columns  made  of  two 
angles  "  starred  "  and  fastened  at  intervals  of  two  or  three  feet  by  means  of  batten 
plates,  are  quite  frequently  used  for  light  loads.   ' 
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For  additional  details  of  column  sections,  see  Fig.  2,  Fig.  4,  and  Fig.  5,  Chapter 
XXVII. 

Column  Details. — Shop  details  of  a  4-angle  column  are  shown  in  (a),  Fig.  20.    This 
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column  was  designed  for  a  mill  building  with  a  span  of  60  ft.,  trusses  spaced  16  ft.  apart. 
The  long  legs  of  the  angles  are  placed  out,  to  give  a  larger  radius  of  gyration  about  an 
axis  at  right  angles  to  the  direction  of  the  wind.  The  details  of  a  4-angle  and  plate 
column,  designed  to  carry  a  crane  girder  as  well  as  the  roof,  are  shown  in  (b).  Fig.  20. 

The  details  of  a  heavy  column  composed  of  two  channels  placed  back  to  back  and 
laced,  are  shown  in  (b)  Fig.  21;  the  lacing  is  heavy  and  is  well  riveted.  The  bent  plate 
connections  for  the  anchor  bolts  on  this  column  are  very  satisfactory.  This  is  one  of 
the  columns  used  in  the  A.  T.  &  S.  F.  R.  R.  shops  at  Topeka,  Kas.,  to  carry  the  crane 
girders. 

The  shop  details  of  a  light  channel  column  are  shown  in  (a),  Fig.  21.  The  single 
lacing  alternates  on  the  two  sides  of  the  colunm.  The  various  details  of  the  columns 
can  be  seen,  and  require  no  explanation. 

Shop  details  of  a  crane  and  roof  column  made  of  4  angles  and  a  web  plate,  as  de- 
signed by  the  American  Bridge  Company,  are  shown  in  Fig.  22. 

Standard  details  for  column  bases  as  designed  by  the  American  Bridge  Company 
are  shown  in  Fig.  23.  Base  "  A  "  is  the  base  for  the  column  in  Fig.  22.  Bases  "  C  " 
and  "  D  ''  are  for  long  columns  carr3dng  heavy  crane  loads  as  well  as  a  roof  load. 

STRUTS  AND  BRACING. — Eave  struts  are  very  commonly  made  of  four  angles 
laced,  made  in  the  same  way  as  the  4-angle  posts,  Fig.  20.  Eave  struts  made  of  single 
channels  and  an  angle.  Fig.  7,  Chapter  XXVII,  are  more  economical,  and  are  equally 
as  good  as  the  laced  struts  for  most  cases.  End  rafters  are  commonly  made  of  channels. 
The  sides,  ends,  upper  and  lower  chords  are  commonly  braced  as  shown  in  Fig.  1.  The 
bracing  in  the  plane  of  the  lower  chords  should  preferably  be  made  of  members  capable 
of  taking  compression  as  well  as  tension.  The  diagonal  bracing  in  the  plane  of  sides, 
ends,  and  upper  chords  is  commonly  composed  of  rods.  Initial  tension  should  always 
be  thrown  into  diagonal  rods  by  screwing  up  the  turnbuckles  or  adjustable  ends.  Stiff 
bracing  should  be  made  short,  and  should  be  brought  into  position  for  riveting  by  using 
drift  pins;  to  accomplish  this  there  should  be  not  less  than  three  rivet  holes  in  each 
lateral  connection. 

Where  rod  bracing  in  the  ends  and  sides  of  buildings  interferes  with  windows  and 
doors,  or  where  the  building  is  to  be  left  open,  portal  bracing  is  used  as  shown  in  Fig. 
9  and  Fig.  10,  Chapter  XXVI,  or  in  Fig.  4,  Chapter  XXXVIII.  The  bents  may  be 
braced  in  pairs,  or  the  portal  bracing  may  be  made  continuous.  Stiff  bracing  is  often 
placed  between  the  trusses  in  the  plane  of  the  center  of  the  building  and  materially 
stiffens  the  structure,  see  Fig.  1,  and  Fig.  14,  Chapter  XXVI. 

PURLINS  AND  GIRTS.— Purlins  are  made  of  channels,  angles,  Z-bars  and  I 
beams,  where  simple  shai>es  are  used.  Channel  and  angle  purlins  should  be  fastened 
by  means  of  angle  lugs  as  shown  in  Fig.  24.  I-beam  purlins  are  very  often  fastened 
as  shown  in  Fig.  24,  or  in  the  A.  T.  &  S.  F.  R.  R.  shops.  Fig.  14,  Chapter  XXVI.  Z-bar 
purlins  are  bolted  directly  to  the  upper  chords  of  the  trusses.  The  channel  purlin  is 
the  most  economical,  and  the  I-beam  purlin  is  the  most  rigid.  Girts  are  made  of 
channels,  angles,  and  Z-bars,  and  are  fastened  in  the  same  manner  as  purlins. 

Where  the  columns  and  trusses  are  placed  so  far  apart  that  the  use  of  simple  rolled 
shapes  is  no  longer  economical,  purlins  and  girts  are  trussed. 

Details  of  the  different  types  of  steel  purlin  connections  are  shown  in  Fig.  24. 
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The  coDDections  of  puilina  and  girts  may  be  bolted  to  the  lug  &nglefi.     Thelug  angles 
are  usually  riveted  in  the  shop  to  the  truss  or  to  the  column. 

The  minimum  sizes  of  channel  purlins  for  different  spans  and  purlin  spaces,  de- 
signed for  a  normal  load  of  30  lb.,  40  lb.,  and  50  lb.  per  sq.  ft.  of  roof  surface  and  for 
16,000  lb.  per  sq.  in.  are  given  in  Table  I,  Table  II  and  Table  III,  respectively.  These 
purlins  will  carry  15  lb.,  20  lb.,  and  25  lb.,  respectively,  as  a  normal  load,  and  15  lb., 
20  lb.,  and  25  lb.  per  sq.  ft.  of  horizontal  projection,  respectively,  with  a  nmximum 
allowable  fiber  stress  of  20,000  lb.  per  sq.  in.  when  the  stresses  are  calculated  as  described 
in  Chapter  XII,  see  S  44  and  {  57,  Specifications  in  Appendix  I. 
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Sac  Bods- — The  purlins  in  Table  I  were  supported  by  one  sag  rod  for  spans  of 
20  ft.  and  under,  and  by  two  sag  rods  for  spans  of  over  20  ft.  The  purlioB  in  Table  II 
and  Table  III  are  supported  by  one  sag  rod  for  spans  of  14  ft.  or  under,  and  by  two  sag 
rods  placed  at  the  third  points  of  the  span  for  spaas  of  more  than  14  ft.  Details  of  roof 
framing  are  given  in  Fig.  25. 

The  specifications  for  sag  rods  in  Appendix  I  are  as  follows: — 

Su  Kods. — With  a  steel  corrugated  roof  one  sag  rod,  at  the  center,  shall  be  used  for  purlin 
spans  of  20  ft.  or  leas,  and  two  sag  rods,  spaced  at  the  third  poinls,  for  puriia  spans  of  more  than 
20  ft.  With  clay  tile,  cement  tile,  slate,  gypaum  or  similar  roofs,  one  sag  rod  shall  be  used  for 
purlin  spans  of  14  ft.  or  less,  and  two  sag  rods  spaced  at  the  third  points  for  spans  of  more  thnn 
14  ft.  Where  one  sag  rod  is  used,  the  sag  rod  on  each  side  of  the  roof  in  any  panel  shall  be  rigidly 
connected  through  the  ridge  purlins.  Where  two  sag  rods  are  used  in  any  panel,  each  sag  rod 
shall  be  rigidly  connected  with  the  peak  of  the  nearest  trues  by  means  of  a  diagonal  sax  rod  in  the 
upper  purhn  space.  Sag  rods  need  not  be  used  in  roofs  with  a  pitch  of  Sin.  in  12  in.,  or  less.  With 
corrugated  steel  siding,  one  sag  rod  shall  be  used  for  all  girt  spacings  of  20  ft.  or  lees,  and  two  sag 
rods  spaced  at  third  points  for  girt  spacings  of  more  than  20  ft. 
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Sag  rods  shall  be  designed  to  carry  the  component  of  the  dead  load  of  the  purlins  and  roof 
covering  and  the  maximum  snow  load  parallel  to  the  roof  surface,  with  a  unit  stress  of  16,000  lb. 
per  sq.  m.  on  net  section.  Sag  rods  for  the  sides  shall  be  designed  to  cany  the  weight  of  the  side 
framing  and  covering  with  the  same  allowable  unit  stresses  as  for  sag  rods  for  purlins.  If  sag  rods 
are  not  upset,  the  net  section  shall  be  taken  as  the  section  having  a  diameter  1/16  in.  less  than  the 
diameter  of  the  root  of  the  thread.  The  minimum  size  of  sag  rods  shall  have  a  diameter  of  )  in. 
if  the  ends  are  upset,  or  (  in.  if  the  ends  are  not  upset. 
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TABLE  I. 

Depths  of  Steel  Channel  Purlins  for  a  NoRifAL  Roof  Load  of  30  lb.  per  Sq.  Ft. 

Corrugated  Steel  Roof. 
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20 

23 

24 

2.5 

3-0 

3.5 
4.0 

45 
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7.5 
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6 
6 

1: 

5 
5 
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1 
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6 
6 
6 

7 

5* 
5 
5 
5 

6 
6 
6 
7 

7 
7 
7 
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6* 
6* 
6 
6 

6 

7 
7 
7 

7 
8 
8 
8 

6* 

6 

6 

7 

7 

7 
8 

8 

8 
8 

9 
9 

7 
7 

8 
8 
8 

9 

9 

9 

9 
10 

8* 
8* 
8* 
8 

8 
8 

9 
9 

9 
10 

10 

10 

*Depth  must  not  be  less  than  1/40  span. 

All  channels  are  minimum  sections.    One  sag  rod  is  used  for  truss  spacing  up  to  20  ft.,  two 
sag  rods  for  truss  spacing  over  20  ft. 

All  purlins  for  a  roof  with  a  pitch  of  1/3  and  less  will  carry  a  normal  load  of  15  lb.  per  sq.  ft. 
and  a  vertical  load  of  15  lb.  per  sq.  ft.  with  an  allowable  fiber  stress  of  20,000  lb.  per  sq.  jn.,  when 
the  stress  is  calculated  for  oblique  loading  as  described  in  Chapter  XIL 

TABLE  II. 
Depths  of  Steel  Channel  Purlins  for  a  Normal  Roof  Load  of  40  lb.  per  Sq.  Ft. 


Purlin 

Spacing 

Ft. 

Truss  Spacing,  or  Bay,  Ft. 

10 

12 

14 

16               18 

20 

22 

24 

3.0 

35 
4.0 
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7.0 
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8.0 
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6 
6 
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6 

7 

7 
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7 

5 
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7 
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8 
8 
8 

6 
6 
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8 
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9 
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7 
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9 
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9 

9 

9 
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10 
12 
12 
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8 

8 

9 

9 
10 

10 

10 

12 
12 
12 
12 

♦Depth  must  not  be  less  than  1/40  span. 

All  channels  are  minimum  sections.    One  sag  rod  is  used  for  truss  spacing  up  to  14  ft.,  two 
sag  rods  for  truss  spacing  over  14  ft. 

All  purlins  for  a  roof  with  a  pitch  of  1/3  or  less  will  carry  a  normal  load  of  20  lb.  per  sq.  ft., 
and  a  vertical  load  of  20  lb.  per  sq.  ft.,  with  an  allowable  stress  of  20,000  lb.  per  sq.  in.,  when  the 
stress  is  calculated  for  oblique  loading  as  described  in  Chapter  XII. 
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TABLE  III. 
Depths  of  Steel  Channel  Purlins  for  a  Normal  Roof  Load  of  50  lb.  per  Sq.  Ft. 


Purlin 
Spacing 

Truss  Spacing,  or  Bay,  Ft. 

Ft. 

lO 

la 

14 

i6 

z8 

30 

aa 

24 
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4 
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6 
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7 
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5 
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7 

7 
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6 
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7 

8 

9 

10 

12 

5-5 

6 
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12 
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lO 

12 

12 

12 
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6 

7 

8 

9 

10 

12 

•    12 
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All  channels  are  minimum  sections.  One  sag  rod  is  used  for  truss  spacing  up  to  14  ft.,  two 
sag  rods  for  truss  spacing  over  14  ft. 

All  purlins  for  a  roof  with  a  pitch  of  1/3  or  less,  will  carry  a  normal  load  of  25  lb.  per  sq.  ft. 
and  a  vertical  load  of  25  lb.  per  sq.  ft.,  with  an  allowable  stress  of  20,000  lb.  p'er  sq.  in.,  when  cal- 
culated for  oblique  loading  as  described  in  Chapter  XIL 


Structural  Drafting. — For  a  discussion  of  structural  drafting,  see  the  author's 
"Structural  Engineers'  Handbook." 

References. — For  data  on  the  framework  for  steel  office  buildings,  see  the  author's 
"Structural  Engineers'  Handbook."  For  data  on  the  framework  for  steel  bins  and 
steel  grain  elevators,  see  the  author's  "Design  of  Walls,  Bins  and  Grain  Elevators." 
For  data  on  the  framework  for  head  frames,  coal  tipples  and  other  mine  structures, 
see  the  author's  "  Design  of  Mine  Structures." 


CHAPTER  XXVI. 

Examples  of  Steel  Industrial  Buildings. 

Intioductioii. — The  different  types  of  steel  frame  industrial  buildings  will  be 
illustrated  by  the  description  of  several  typical  structures.  As  far  as  possible,  the  data 
used  in  the  design  are  given. 

Saw  Tooth  Roof  Shop. — The  detailed  drawings  of  a  saw  tooth  roof  bent  constructed 
by  the  Matbiessen  and  Hegeler  Zinc  Works,  La  Salle,  III.,  are  shown  in  Fig.  1.    This 


.  1.    Ciuwa^EcnoN  of  the  Shops  of  thb  MATHiEfiBEN  &  Hegeler  Zinc  Works, 
La  SaiiLE,  III. 
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building  was  erected  in  1899  along  the  lines  suggested  by  an  experience  with  a  similar 
saw  tooth  roof  building  erected  in  1874.  The  roof  is  a  composition  roof  laid  on  plank 
sheathing,  which  is  spiked  to  nailing  strips  that  are  bolted  to  Z-bar  purlins.  The  water 
from  the  roof  and  the  condensation  from  the  glass  surface  in  the  saw  tooth  are  carried 
by  cast  iron  gutters  to  galvanized  iron  down  spouts.  These  gutters  are  so  placed  that 
the  galvanized  iron  down  spouts  are  next  to  the  post,  there  being  two  down  spouts-  at 
each  post.  The  condensation  gutters  are  fastened  to  the  cast  iron  gutters.  The  saw 
tooth  is  glazed  with  ribbed  glass.  Snow  and  ice  have  never  caused  any  trouble  by 
forming  in  the  gutters.  The  original  saw  tooth  roof  shop  built  by  this  firm  is  still  in 
use,  and  is  one  of  the  first,  if  not  the  first,  saw  tooth  roof  built  in  America. 


btOte^  loOmanel 


Fig.  2.    Modified  Saw  Tooth  Roop,  Paikt  Shop,  Pobuc  Service  Corpobation. 


Example  of  Ketchum's  Modified  Saw  Tooth  Roof. — The  modified  saw  tooth  roof 
shown  in  Fig.  5,  Chapter  XXV,  was  used  in  the  paint  shops  of  the  Public  Service  Cor- 
poration of  New  Jersey,  Newark,  N.  J.  The  building  is  135  ft.  wide  by  354  ft.  long. 
The  main  trusses  are  of  the  modified  saw  tooth  type,  with  44-ft.  spans  and  a  rise  of  \, 
and  are  spaced  16  ft.  centers.  The  general  details  of  one  of  the  main  trusses  are  shown 
in  Fig.  2.  The  building  has  an  independent  steel  frame,  with  brick  cuHain  walls  on 
the  exterior.  Pilasters  24  in.  X  20  in.  are  placed  in  the  outside  curtain  walls  under  the 
ends  of  the  trusses.     The  intermediate  curtain  walls  are  12  in.  thick. 

The  roof  is  a  5-ply  slag  roof  laid  on  2-in.  tongued  and  grooved  spruoe  sheathing 
spiked  to  2-in.  X  5-in.  spiking  strips  which  are  bolted  to  8-in.  channel  purlins  spaced 
6  ft.  centers.  The  roof  water  is  carried  down  5-in.  cast  iron  down  spouts  attached  to 
alternate  interior  columns. 

The  sash  in  the  vertical  leg  of  the  saw  tooth  are  in  two  rows,  the  upper  row  being 
hinged  at  the  center,  thus  providing  ample  ventilation.     Condensation  gutters  are 
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placed  below  the  vertical  leg  to  take  the  drip.  The  skylight  area  is  about  20  per  cent  of 
the  roof  area,  the  wiadow  area  is  about  45  per  cent  of  the  outside  walb,  while  about 
28  per  cent  of  the  entire  outside  surface  of  the  building  is  of  glass.  All  windows  and 
skylights  are  glazed  with  1/8-in.  ribbed  wire  glass,  with  ribs  placed  vertical.  The 
skylight  frames  and  moldings  are  made  of  No.  24  galvanized  steel,  while  the  entire 
roof  is  flashed  with  Ift-oz.  copper  sheets,  4  ft.  wide,  and  are  counterflashed  with  sheet 
lead. 

Louisville  and  Naslmlle  R.  R.  Shops. — The  saw  tooth  roof  shown  in  Fig.  3  was 
used  in  the  South  Louisville  Shops  of  the  Louisville  and  Nashville  R.  R.-  The  pitched 
roof  is  covered  with  a  composition  roof,  while  the  flat  roof  is  covered  with  an  asphalt 
and  gravel  roof.  Both  the  composition  roof  and  the  asphalt  and  gravel  roof  are  laid 
on  If-in.  matched  and  dressed  sheathing.  The  short  leg  of  the  saw  tooth  is  glazed 
with  ribbed  wire  glass.  The  building  is  ventilated  by  means  of  12-in.  ventilators  placed 
at  the  top  of  the  saw  tooth,  spaced  30  ft.  2  in. 
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Saw  Tooth  Roof,  LotiisviLLE  and  Nashville  R.  R.  Shops. 


Rock  Drill  Building,  IngersaU-Sargent  Drill  Company. — The  design  of  the  saw 
tooth  roof  is  shown  in  Hg.  4.    The  building  is  covered  with  a  composition  roof  laid  on 


Fig.  4.    Saw  Tooth  for  Rock  Drill  Puildino, 
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BfiAcme  m  Plahe  t^  Bottom  Chord     BRACim  in  Piahe  of  Top  Chorp 

Fio.  5,    Plans  of  a  Steel  Tbansforueb  BiriLDiNa, 
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Fig.  6.    Plans  of  a  Steel  TRANaFowiER  Buiuhng. 
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Fio.  8.    Corrugated  Steel  Detaju  for  a  Steel  Transformer  Buiuiino. 
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reinforced  concrete  sheathing.  The  short  leg  of  the  saw  tooth  is  glazed  with  ribbed 
glass.  It  will  be  noted  that  electric  motors  for  driving  machinery  are  placed  on  small 
platforms  resting  on  the  lower  chords  of  the  r5of  truss. 

Steel  Transformer  Building. — The  framework  of  a  steel  frame  transformer  building 
is  shown  in  Fig.  5  and  Fig.  6.  The  transverse  bents  are  made  of  Fink  trusses,  knee- 
braced  to  plate  and  angle  columns.  The  bents  are  spaced  16  ft.  centers.  The  members 
of  the  truss  are  made  of  angles  placed  back  to  back,  the  members  being  riveted  to  con- 
nection plates.  The  main  columns  are  I-shaped,  each  flange  being  composed  of  two 
angles  placed  back  to  back,  with  the  long  legs  outstanding  and  fastened  together  with  a 
web  plate.  The  columns  in  the  ends  of  the  building  are  made  of  9-in.  I  beams.  The 
main  purlins  are  made  of  5-in.  [s  @  6)  lb.,  while  the  girts  are  4-in.  [s  @  5^  lb.  The 
purlins  are  spaced  less  than  4  ft.  9  in.,  which  is  a  maximum  spacing  where  corrugated 
steel  roofing  is  used  without  sheathing.  The  steel  framework  is  braced  in  the  plane  of 
the  top  chord  and  in  the  sides  and  ends  of  the  building  by  means  of  diagonal  rods  7/8  in. 
in  diameter.  The  crane  girder  beams  in  the  plane  of  the  lower  chord,  together  with  the 
diagonal  bracing,  braces  the  building  longitudinally.  The  diagonal  bracing  in  the  plane 
of  the  lower  chord  is  made  of  angles. 

The  plans  for  the  corrugated  steel  covering  on  the  roof  and  sides  of  the  building 
are  shown  in  Fig.  7  and  Fig.  8.  The  corrugated  steel  for  the  roof  is  No.  22  gage  steel 
with  2j-in.  corrugations,  while  the  corrugated  steel  for  the  sides  is  No.  24  gage  steel 
with  2i-in.  corrugations.  The  flashing  and  ridge  roll  are  made  of  No.  22  flat  sheet  steel. 
The  finish  of  the  building  at  the  corners,  and  the  eave  and  gable  cornice  are  shown  in 
Fig.  8. 

To  prevent  the  condensation  of  moisture  on  the  inside  of  the  steel  roof  and  the  re- 
sulting dripping,  anti-condensation  lining  was  used,  as  shown  in  Fig.  8.  This  lining  was 
con.structed  as  follows:  Galvanized  wire  poultry  netting  was  fastened  to  one  eave  purlin, 
was  passed  over  the  ridge,  stretched  tight  and  fastened  to  the  other  eave  purlin.  The 
edges  of  the  wire  were  woven  together  by  means  of  wire  clips.  On  the  wire  netting  was 
laid  two  layers  of  asbestos  paper,  1/16  in.  thick,  and  on  top  of  the  asbestos  was  laid  two 
layers  of  tar  paper.  The  corrugated  steel  was  then  laid  on  the  roof  in  the  usual  way 
and  was  fastened  to  the  purlins  by  means  of  long,  soft  iron  wire  nails,  placed  as  shown 
in  Fig.  8.  To  prevent  sagging  of  the  lining,  stove  bolts  3/16  in.  in  diameter,  with  1 
in.  X  1/8  in.  X  4  in.  flat  washers  on  the  lower  side,  were  placed  between  the  purlins. 
Where  anti-condensation  lining  is  used,  better  results  will  be  obtained  if  the  purlins 
are  spaced  one-half  the  usual  distance,  in  which  case  the  stove  bolts  may  be  omitted. 
The  detailed  estimate  of  this  building  is  given  in  Chapter  XL. 

Pier  Shed,  Central  R.  R.  of  N.  J.— The  steel  framework  for  the  pier  shed  con- 
structed by  the  Central  R.  R.  of  N.  J.  on  the  North  River  in  New  York  City  is  shown 
in  Fig.  9.  The  building  is  68  ft.  wide  and  273  ft.  4  in.  long.  The  transverse  bents  are 
made  of  steel  Warren  trusses,  knee-braced  to  plate  and  angle  columns.  The  trusses 
are  made  with  riveted  connections  and  are  5  ft.  deep  at  the  ends.  The  transverse 
bents  are  spaced  from  19  ft.  4  in.  to  22  ft.,  as  shown  in  Fig.  9.  The  transverse  bents 
are  braced  in  pairs  in  the  plane  of  the  top  chords.  The  sides  of  the  building  are  braced 
by  means  of  riveted  steel  trusses  5  ft.  deep.  The  puriins  are  made  of  9-in.  [s  @  13}  lb. 
The  purlins  on  the  braced  bays  extend  3  ft.  6  in.  into  the  adjacent  panels.  This  method 
of  arranging  the  purlins  made  the  erection  easier  and  resulted  in  a  saving  in  the  weight 
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of  the  purlins.  The  transverse  bents  are  braced  by  means  of  longitudinal  trusses 
placed  in  the  center  line  of  the  building,  as  indicated  in  Fig.  9.  The  roof  is  made  of 
5-ply  composition  roofing  laid  on  1^  in.  X  8  in.  tongue  and  groove  yellow  pine  sheathing. 
The  sheathing  is  laid  with  the  surfaced  side  down  and  is  fastened  to  3  in.  X  4  in.  spiking 
strips.  The  sides  of  the  building  are  covered  with  No.  22  galvanized  corrugated  steel. 
For  a  distance  of  11  ft.  above  the  floor,  the  inside  walls  are  covered  with  2  in.  X  8  in. 
yellow  pine  planks,  to  act  as  fenders  in  protecting  the  wall.  The  steel  framework  was 
painted  with  one  coat  in  the  shop  and  two  coats  in  the' field.  Both  shop  and  field  paint 
was  made  by  mixing  100  lb.  of  red  lead,  1  lb.  lampblack  (not  coal  tar  black)  and  6 
gallons  linseed  oil. 

The  front  of  the  building  is  finished  with  an  ornamental  front  made  of  No.  24 
galvanized  sheet  steel.  The  flashing  and  gutters  are  made  of  copper.  Wherever 
galvanized  iron  comes  in  contact  with  the  copper  flashing  or  gutters,  the  connection  is 
insulated  with  two  thicknesses  of  14-oz.  sail  duck,  saturated  with  red  lead  and  linseed 
oil. 

Machine  Shop,  U.  S.  Government  Powder  Plant,  Nitro,  West  Virginia. — The  steel 
framework  for  the  machine  shop  erected  at  the  U.  S.  Government  Powder  Plant,  Nitro, 
West  Virginia,  is  shown  in  Fig.  10.  The  building  is  100  ft.  wide  and  200  ft.  long.  The 
main  truss  spans  are  51  ft.  4  in.,  with  a  distance  of  33  ft.  to  the  bottom  chord  of  the  truss. 
The  side  sheds  have  a  span  of  24  ft.  4  in.  The  roof  has  a  slope  of  5  in.  in  12  inches. 
The  transverse  bents  are  spaced  20  ft.  centers  and  are  braced  as  shown  in  Fig.  10.  The 
main  columns  are  made  of  one  15-in.  I  @  38  lb.  (Bethlehem)  and  one  10-in.  [  @  15  lb. 
The  side  columns  are  made  of  one  8-in.  I  @  18  lb.,  while  the  end  columns  are  made  of 
one  12-in.  I  @  31^  lb.  The  main  columns  are  spaced  40  ft.  centers.  The  intermediate 
transverse  bents  are  carried  on  longitudinal  trusses  carried  on  the  main  columns.  These 
longitudinal  trusses  carry  the  10-ton  crane  and  also  act  as  longitudinal  braces  for  the 
building.  The  roof  is  made  of  No.  22  corrugated  steel  laid  on  2-in.  yellow  pine  sheathing. 
The  sides  are  covered  with  No.  22  corrugated  steel  fastened  directly  to  the  girts.  An 
8-in.  brick  wall,  4  ft.  high,  is  built  between  the  columns.  The  skylights  and  windows 
are  made  of  Fenestra  steel  sash,  with  10  in.  X  16  in.  lights,  and  are  glazed  with  |-in. 
wire  glass.  The  window  sills  of  the  lower  windows  in  the  sides  of  the  building  are  on 
the  top  of  the  brick  wall.  The  building  is  ventilated  through  the  Fenestra  sash,  as 
shown  in  Fig.  10.  The  building  is  well  lighted,  23  per  cent  of  the  total  exterior  surface 
of  the  building  being  glazed,  while  60  per  cent  of  the  side  walls  are  glazed. 

The  floor  was  made  of  3-in.  creosoted  timber  blocks  laid  on  a  6-in.  concrete  base. 
Creosoted  blocks  were  laid  on  a  layer  of  1 :  4  Portland  cement  mortar,  ^  in.  thick.  The 
joints  were  filled  with  bituminous  material.  Expansion  joints  1  in.  thick  were  made 
around  all  columns  and  around  all  exterior  walls  to  provide  for  expansion. 

A  detailed  estimate  of  this  building  is  given  in  Chapter  XL. 

Steam  Engineering  Bmldings,  Brooklyn  Navy  Yard. — The  erecting  shop  is  130 
ft.  X  252  f J.,  and  the  machine  shop  is  130  ft.  X  350  ft.  The  general  framework  details 
of  the  machine  and  the  erecting  shops  are  shown  in  Fig.  11.  It  will  be  seen  that  the 
buildings  are  divided  transversely  into  three  bays,  the  center  bay  70  ft.  wide  and  two 
30-ft.  side  bays.  The  two  side  bays  are  covered  by  shed  roofs,  above  which  rise  a 
clerestory  and  gable  roof  to  cover  the  center  bay.  The  side  wall  columns  are  12-in. 
I-beams,  filled  between  with  a  brick  wall  for  a  height  of  4  ft.  and  above  this  point  are 
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covered  with  glazing  to  the  cornice  line.  The  main  columns  are  of  lattice  and  channel 
construction  and  are  43  ft.  6  in.  high,  reaching  to  the  level  of  the  junction  of  the  shed 
roof  and  the  clerestory.  .  The  main  columns  are  spaced  54  ft.  apart  and  support  a 
double  intersection  truss  15  ft.  deep,  which  in  turn  supports  70-ft.  transverse  trusses 
at  the  third  points.     These  columns  also  support  a  box  crane  runway. 

The  foundations  consist  of  concrete  column  pedestals  carried  on  piles,  the  column 
base  plates  being  anchor-bolted  directly  to  the  concrete.  The  piles  were  driven  to  a 
final  penetration  of  1  inch  by  a  3,000-lb.  hammer  falling  15  feet.  The  glazing  in  the 
side  walls  above  the  brick  base  wall  is  put  on  in  panels  or  sections,  each  section  being 
hinged  so  that  it  may  be  swung  out  to  provide  ventilation.  The  side  walls  of  the 
clerestory  consist  of  corrugated  steel  covering  on  the  lower  part,-  with  glazing  above. 
The  greater  part  of  the  area  of  the  shed  roofs  is  skylight,  and  wide  skylights  are  also 
placed  in  the  clerestory  roof.  Fully  60  per  cent  of  the  area  of  the  external  walls  and 
roof  is  glazed. 

The  entire  building  is  constructed  of  fire-resisting  materials.  There  is  no  wood 
used  in  the  building  except  for  the  framework  of  the  doors,  which  are  covered  with  tin 
plate. 

The  roof  is  made  of  slate  hailed  directly  to  concrete  sheathing.  The  concrete 
sheathing  is  composed  of  Portland  cement  and  cinder,  and  is  3^  in.  thick.  The  floor 
is  made  of  concrete  10  in.  thick,  with  a  1-in.  granolithic  wearing  surface. 

Locomotive  Shops  of  the  Atchison,  Topeka  and  Santa  Fe  R.  R.,  Topeka,  Kas. 

— This  building  is  intended  for  locomotive  work,  including  boilers  and  tenders.  In 
general  plan  it  is  852  ft.  long  and  153  ft.  10  in.  wide,  the  width  being  divided  into  a 
center  span  of  74  ft.  3  in.  and  two  side  spans  of  39  ft.  9  in.  It  is  of  self-supporting  steel 
frame  construction,  with  concrete  foundations  and  floor,  13-in.  brick  walls,  and  Ludowici 
tile  roof.  There  is  no  sheathing  under  the  tiles',  which  thus  constitute  the  sole  covering. 
The  tiles  are  laid  on  2  X  2-in.  timber  strips  to  which  every  fourth  tile  is  fastened  by 
copper  wire. 

The  most  striking  feature  of  the  design  is  that  the  saw  tooth  or  weaving  shed  type 
of  roof  is  adopted  for  the  side  spans,  the  glazed  vertical  sides  of  the  ridges  facing  north- 
ward. This  feature  was  introduced  with  the  view  of  making  the  shop  as  light  as  possible. 
The  arrangement  could  not  well  be  used  where  heavy  snows  are  frequently  experienced, 
as  the  snow  would  pack  between  the  ridges,  but  there  are  comparatively  few  heavy 
snow  storms  in  the  vicinity  of  Topeka.  In  addition  to  this  arrangement,  the  greater 
proportion  of  the  area  of  the  side  walls  is  composed  of  windows,  while  the  exposed  parts 
of  the  sides  of  the  central  span  (between  the  ridges  of  the  side  spans)  are  also  glazed. 
There  are  also  several  windows  in  the  end  walls.  The  roof  of  the  central  span  has  on 
each  side  of  the  ridge  a  skylight  12  ft.  wide,  extending  the  full  length  of  the  building. 
These  skylights  are  fitted  with  translucent  fabric  instead  of  glass.  By  these  various 
means  an  exceptionally  good  lighting  efifect  and  diffusion  of  light  are  obtained  and  the 
shop  is  in  fact  remarkably  light  even  on  a  gloomy  day.  There  is  no  monitor  roof,  but 
ventilation  is  provided  for  by  Star  ventilators  25  ft.  apart  along  the  ridge  of  the  main 
roof. 

The  columns  are  built  up  of  pairs  of  15-in.  channels,  and  independent  columns  of 
similar  construction  carry  the  double-web  box  girder  runways  for  the  electric  traveling 
cranes  which  run  the  entire  length  of  the  central  span.     Fig.  12  shows  the  elevations, 
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Fio.  12.    Part  Elevations  and  Plans  op  Steel  STUccnniAL  Work  of  New  Locomotive 


Bections  and  plana  of  the  steel  structural  framework,  and  Hg.  13  is  a  partial  elevation  on 
the  east  side.  Fig.  14  shows  the  design  of  the  central  roof  trusses  and  the  lattice  girders 
which  form  longitudinal  bracing  between  the  trusses.  This  longitudinal  bracing  b 
not  continuous  but  is  fitted  only  between  alternate  pairs  of  trusses.  End  trusses  are 
built  into  the  walls,  as  these  walls  are  pierced  by  numerous  windows  and  doors  and  are 
not  relied  upon  in  any  way  to  support  the  roof.  Portal  bracing  is  fitted  between  tbe 
side  or  wall  columns  at  intervals.  No  metal  less  than  f -in.  thick  is  used  in  the  structural 
work. 

The  roof  trusses  are  proportioned  for  a  load  of  15  lb.  per  sq.  ft.  for  the  weight  of  the 
roofing,  10  lb.  per  sq.  ft.  for  snow,  and  25  lb.  per  sq.  ft.  for  wind  pressure,  or  50  lb.  per 
&q.  ft.  in  all.  The  members  were  calculated  on  a  basis  of  16,000  lb.  per  sq.  in.  for  tension 
and  14  000  lb  per  sq  in  for  compression  Provision  for  expansion  and  contraction 
IS  made  at  intervals  of  100  ft     The  building  is  heated  by  the  Sturtevant  hot  blast 


Half  East  Elevation  of  New  Locomottpe  Shop.    (Ssowino  Rivbtino  Tower 
AND  Weavinq  Shed  Roof.) 
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aystein.  On  each  side  are  two  fan  rooms,  each  containing  a  steam-driven  blower  fan 
and  a  heating  chamber  filled  with  coils  of  pipe  through  which  passes  the  exhaust  steam. 
The  hot  air  ia  delivered  into  two  longitudinal  underground  conduits  parallel  with  the 
lines  of  columns,  with  a  duct  leading  to  the  surface  at  each  column.  Each  duct  is 
fitted  with  a  vertical  sheet  iron  pipe  7  ft.  high,  with  a  flaring  bead  to  deliver  the  air 
horisontally.  The  plant  is  guaranteed  to  maintain  a  temperature  of  70°  F.  throughout 
the  shop  in  aero  weather. 


Fig.  14. 

The  floor  foundation  is  formed  of  6  inches  of  concrete  resting  on  the  natuml  soil 
well  tamped.  The  concrete  is  composed  of  1  part  cement,  2  piirts  sand  and  4  parts 
atone.  On  the  concrete  are  laid  yellow  pine  nailing  strips,  3  in.  X  4  in.,  18  in.  c.  to  c, 
to  which  is  spiked  the  ij-in.  splined  hard-maple  flooring.  The  concrete  for  column 
foundations  ia  composed  of  1  part  Portland  cement,  3  parta  sand  and  5  parts  atone. 
These  foundations  are  8  to  15  ft.  deep,  extending  to  aolid  clay.  They  are  built  up  with 
gaa  pipe  sleevea  to  form  holes  for  the  anchor  bolts,  and  the  holes  in  the  bed  plates  of 
the  columna  are  alotted  longitudinally  so  as  to  allow  of  adjustment  for  any  slight 
variation. 
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GoFenuneiit  Bafldingy  St.  LoiiiB  Expoehion. — ^The  Government  Building  at  the 
St.  Louis  Exposition  had  a  steel  framework  with  steel  arch  trusses  of  the  three-hinged 
type.  The  span  of  the  arches  is  172  ft.  c.  to  c.  of  pins,  and  their  rise  from  heel  pins  to 
center  pins  is  66  ft.  9|  in.  The  trusses  are  spaced  35  ft.  apart,  and  are  connected 
laterally  by  six  lines  of  lattice  girders,  carrying  the  posts  of  the  main  roof  and  monitor 
roof,  and  by  eight  other  intermediate  transverse  struts.  A  horizontal  wind  strut  truss 
is  located  as  shown  in  Fig.  16. 

The  assumed  loading  was  as  follows:  Dead  Load:  Roof,  10  lb.  per  sq.  ft.  on  slope; 
dome,  12  lb.  per  sq.  ft.  of  roof  surface;  side  walls  of  dome  and  building,  15  lb.  per  sq. 
ft.  of  surface;  trusses,  10  lb.  per  sq.  ft.  of  floor  surface. 

Wind  Load:  Side  wails,  20  lb.  per  sq.  ft. ;  dome,  curved,  15  lb.  per  sq.  ft.  of  projection 
on  a  vertical  surface. 

Snow  Load:  On  roof  of  main  building,  20  lb.  per  sq.  ft.  horizontal;  reduced  to  10  lb. 
per  sq.  ft.  on  ventilator  over  center. 

The  revised  estimate  of  loads  for  a  35-ft.  bay  figured  out  as  follows,  per  sq.  ft.  of 
horizontal  projection: 

Lb.  per  sq.  ft. 

Weight  of  steel 13.1 

"       "  roof 6.6 

"       "  tin  covering 0.5 

Actual  roof 20J2 

Calculated  total 21.6 

The  loading  on  one  truss  for  the  35-ft.  bay  was: 

Actual  WeU^t  in  lb.    Estimated  Weight  in  lb. 

Total  Dead  Load 40,500  70,000 

Total  Steel 80,000  64,000 

Grand  Total 120,500  134,000 

The  arches  are  built  up  of  channels,  plates  and  angles,  and  have  4|-in.  shoe  pins 
and  3-in.  center  pins.  The  shoe  pins  of  each  truss  are  connected  by  a  tie  bar  consisting 
of  a  line  of  9-in.  I-beams.  The  stresses  in  the  arches  are  given  in  Kg.  15,  while  the 
details  are  shown  in  Fig.  16. 

References. — For  examples  of  steel  bins  and  steel  grain  elevators,  see  the  author's 
"  Design  of  Walls,  Bins  and  Grain  Elevators."  For  examples  of  steel  head  frames,  steel 
rock  houses,  steel  coal  tipples,  and  other  mine  structures,  see  the  author's  "Design 
of  Mine  Structures." 


CHAPTER   XXVII. 
Data  for  Design  of  Framewobk. 

Introduction. — The  framework  of  steel  frame  buildings  consists  of  members  that 
are  designed  to  carry  the  stresses  by  direct  tension  and  compression,  or  by  bending, 
or  by  both  direct  and  bending  stresses.  The  members  of  the  framework  are  fabricated 
from  plates  and  standard  sections  riveted  together,  or  from  bars  or  structural  shapes 
alone.  The  members  are  fastened  together  at  the  joints  by  means  of  rivets,  or  the 
trusses  or  the  bracing  may  have  pin  connections.  The  trusses  used  in  steel  mill  buildings 
are  commonly  made  with  riveted  connections.  The  lateral  bracing  should  preferably 
be  made  of  stiff  members  capable  of  taking  both  tension  and  compression,  although 
adjustable  rods  may  be  used  in  the  sides  and  ends  and  in  the  plane  of  the  upper  chords 
of  steel  frame  buildings.    The  standard  structural  sections  will  be  described  in  detail. 

STRUCTURAL  SHAPES.— The  standard  rolled  sections  used  in  fabricating  steel 
frame  structures  are  shown  in  Fig.  1.  Angles  are  made  with  equal  legs,  (a)  Fig.  1,  or 
with  unequal  legs,  (b)  Fig.  1.  The  maximum  section  for  an  equal  legged  angle  is  8 
in.  X  S  in.  by  1}  in.  thick;  while  the  maximum  section  for  an  unequal  legged  angle  is 
8  in.  X  6  in.  X  1  in.  thick.  The  maximum  section  for  a  Z-bar,  (c)  Fig.  1,  is  6|  in. 
X  3f  in.  X  I  in.  thick.  The  maximum  standard  I-beam  is  24  in.  deep  and  weighs 
115  lb.  per  lineal  foot.  The  Carnegie  Steel  Co.  makes  a  special  I-beam  27  in.  deep  and 
weighing  83  lb.  per  lineal  foot,  while  the  Bethlehem  Steel  Co.  makes  I-beams  30  in. 
deep  and  weighing  120  lb.  per  lineal  foot.  The  maximum  channel  is  15  in.  deep  and 
weighs  55  lb.  per  lineal  foot.  The  Carnegie  Steel  Co.  makes  H-columns  varying  from 
4  in.  X  4  in.  to  8  in.  X  8  in.  The  Bethlehem  Steel  Co.  makes  H-columns  varying  from 
8  in.  X  8  in.  to  16|  in.  X  14.9  in.  The  latter  section  weighs  287.5  lb.  per  lineal  foot. 
The  maximum  T-beam  with  equal  legs  is  4  in.  X  4  in.  X  i  in.  thick.  The  maximum 
T-beam  with  unequal  legs  is  5  in.  X  3  in:  X  ^  in.  thick.  Deck  beams  vary  in  weight 
from  6  in.  deep,  weighing  14  lb.  per  lineal  foot  to  10  in.  deep,  weighing  36.6  lb.  per  lineal 
foot.  Bulb  angles  vary  in  weight  from  4  in.  X  3^  in.,  weighing  11.9  lb.  per  lineal  foot 
to  10  in.  X  3^  in.,  weighing  32  lb.  per  lineal  foot.  Z-bars  and  T-bars  are  used  to  a 
very  limited  extent  in  fabricating  steel  frame  structures.  Deck  beams  and  bulb  angles 
are  used  principally  in  the  construction  of  ships. 

The  dimensions,  weights  and  other  data  for  structural  shapes  are  given  in  the 
author's  **  Structural  Engineers'  Handbook,''  and  also  in  the  handbooks  furnished  by 
the  steel  companies. 

COMPRESSION  MEMBERS.— Angles  may  be  used  for  struts  or  ties,  either  singly 
or  riveted  together  as  shown  in  (a)  to  (f).  Fig.  2.  Angle  columns  may  be  fabricated  as 
shown  in  (g),  (h)  and  (i),  Fig.  2.  The  4-angle  section  in  (g)  should  be  spread  at  the 
ends  to  admit  connection  plates.  The  4-angle  column  in  (i)  is  usually  imbedded  in 
concrete. 

Channel  and  T-shaped  chord  sections  made  of  angles  and  plates  are  shown  in 

Fig.  3, 

429 


430 


DATA  FOR  DESIGN  OF  FRAMEWORK. 


Chap.  XXVII 


.3: 
/ 


1'/ 
■^ *' 


(a)  Afifffe. 


"r^     .-* 


J^ 


\ 


(6)  A7i{;2e. 


(c)  Z-60J:. 


8- 


a 


ii 


ii 


^ 


:i 


\^ 


—8 


(cO  I-beam, 


(g)  T-beam. 


\ 


\. 


(a)  /Stn^Ze  An^2e. 


(d)  Ttoo  Angles. 


K 


_j_ 


j"«- 


1^ 
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(A)  Deck  Beam. 
Fig.  1.    Structural  Sections. 
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(i)  Bulb  Angle. 
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(h)  Grey  Column. 
Fia.  2.        Angle  Struts. 


(i)  4--^w^fe  Column. 
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The  built  H-section  in  (a)  Fig.  4  is  made  of  4  angles  laced;  the  built  H-section  in 
(b)  is  made  of  4  angles  and  a  web  plate,  while  the  H-section  in  (c)  is  made  of  4  angles 
and  3  plates.    These  sections  are  used  for  columns. 
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(c)  Built  Channel. 
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(d)  Built  T-beam. 

Fia.  3. 


{e)  BuiU  T-beam. 


Chord  Sections. 


Several  built  column  sections  are  shown  in  Fig.  5.  Sections  (d),  (e),  (f),  (i),  (j), 
(k),  (1)  and  (m)  are  used  for  columns  carrying  heavy  loads.  The  H-section  in  (f)  is  the 
H-section  in  (f)  Fig.  1,  with  two  cover  plates  riveted  to  the  flanges.  This  section  is 
used  for  office  building  columns  in  competition  with  the  built  H-column  in  (c),  Fig.  4. 

For  types  of  columns  used  in  steel  mill  buildings,  see  Fig.  19,  Chapter  XXV.  For 
details  of  steel  columns,  see  Fig.  20  to  Fig.  23,  Chapter  XXV. 
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(a)  Four  Angles^  Laced.         (6)  Four  Angles,  One  Plate.  (c)  Four  Angles,  Three  Plates. 

Fig.  4.    Compression  Members  Made  of  Angles  and  Plates. 


The  built  chord  sections  shown  in  Fig.  6  are  used  in  steel  truss  bridge  construction. 

Section  (a)  Fig.  7  is  used  for  eave  struts,  while  sections  (b)  and  (c)  are  used  for 
columns  which  carry  an  unsymmetrical  load  due  to  a  crane  girder. 

The  connection  of  an  I-beam  to  a  channel  by  means  of  connection  angles  is  shown 
in  (a).  Fig.  8,  while  the  connection  of  an  I-beam  to  an  I-beam  is  shown  in  (b).  Fig.  8. 
Details  of  standard  connection  angles  are  shown  in  Fig.  18. 
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(d)  Four  Z-bars,  One  Plate. 
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(i)  Ttw  Channels,  One  I-beam. 
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TENSION  MEMBERS.— Tension  members  are  made  (1)  of  eye-bars;  (2)  of  square 
or  round  loop  bars;  (3)  of  simple  shapes,  and  (4)  of  built  sections. 
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(6)  F(wr  Angles,  Three  Plates. 
Fig.  6.    Chord  Sections. 
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(c)  Six  Angles,  Three  PIqJUs, 


Eye-bars. — Eye-bars  are  used  for  main  tension  members  of  pin-connected  trusses. 
The  eyes  may  be  formed  (a)  by  upsetting  and  forging,  or  (6)  by  piling  and  welding. 
By  the  first  method  the  bar  is  upset  and  the  head  is  forged  in  a  die,  after  which  the 
bar  is  reheated  and  annealed  and  the  pin  hole  is  drilled.  By  the  second  method  a 
''  pile  "  of  iron  bars  is  placed  on  the  end  of  the  bar,  the  pile  is  heated  and  th^  head  is 
forged  in  a  die.    The  bar  is  then  reheated  and  annealed  and  the  pin  hole  is  drilled. 
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(a)  One  Channel,  One  Angle.    (6)  One  Channel,  Built  I-beam,    (c)  One  Channel,  One  I-beam. 

Fig.  7.    Eave  Stbut  and  Unstmmetrical  Columns. 

Steel  eye-bars  should  always  be  made  by  upsetting  and  forging.  The  American  Bridge 
Company's  standard  eye-bars  are  given  in  Fig.  9,  and  in  the  author's  "  Structural 
Engineers'  Handbook."  Eye-bars  thinner  than  those  specified  are  liable  to  buckle  in 
the  head.  Eye-bars  may  be  obtained  in  different  thicknesses  varying  by  1/16  inch. 
Eye-bars  are  seldom  made  with  a  thickness  of  more  than  one-third  or  less  than  one- 
sixth  of  the  depth  of  the  bar.    The  Osbom  Engineering  Company  specifies  that  bars 


(a)  Connection  Angle. 


(b)  Connection  Angles. 


Fig.  8.    Connection  Angles. 
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shall  not  be  less  than  f  in.  in  thickness,  and  preferably  not  less  in  thickness  than  ^  the 
depth.  Eye-bars  should  be  parallel  as  nearly  as  possible;  the  maximum  variation  should 
never  be  greater  than  one  inch  in  eight  feet.  The  specifications  require  that  eye-bars 
shall  not  be  out  of  line  more  than  one  inch  in  16  feet.  Thick  bars  give  large  moments 
on  the  pin.  Pins  are  ordinarily  specified  to  be  not  less  than  three-fourths  of  the  depth 
of  the  deepest  bar  coming  on  the  pin.  Bars  very  shallow  or  very  d^p  will  therefore 
require  large  pins.  The  stresses  in  eye-bars  due  to  their  own  weight  are  given  in  Fig. 
4,  Chapter  XII.  Eye-bars  should  always  be  used  in  pairs  and  should  be  kept  small  in 
order  to  keep  down  the  size  of  the  pins  and  reduce  the  cost  of  fabrication  of  the  pins. 
Specifications  for  eye-bars  are  given  in  Appendix  I. 
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Fig.  9.    Ordinary  Eye-bars. 


Fig.  10. 


Adjustable  Eye-bars. 


Adjustable  Eye-bars. — Where  eye-bars  are  used  for  counters  they  are  made  ad- 
justable. The  American  Bridge  Company's  standard  adjustable  eye-bars  are  given 
in  Fig.  10,  and  in  the  author's  "  Structural  Engineers'  Handbook."  The  parts  of  the 
bar  may  be  connected  by  sleeve  nuts  or  turnbuckles. 
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Fig.  11.    Loop-bar. 


Loop-bars. — Iron  bars,  both  square  and  round,  are  often  made  with  loop  ends. 
Steel  bars  should  never  be  used  with  loop  ends  for  the  reason  that  welded  steel  is  not 
ordinarily  considered  reliable.  The  American  Bridge  Company's  standard  loop-bars 
are  shown  in  Fig.  11,  and  in  the  author's  "  Structural  Engineers'  Handbook."  Loop- 
bars  are  made  with  both  single  and  double  loops.  Clevises  are  to  be  preferred  to  double 
loops.     Loop-bars  bent  in  the  weld  should  not  be  used. 

Standard  Upsets. — Bars  upon  which  screw  ends  are  to  be  cut,  are  first  upset  so 
that  the  area  through  the  base  of  the  screw  will  be  in  excess  of  the  main  body  of  the  bar 
by  a  required  amount,  varying  from  16  to  40  per  cent.  The  American  Bridge  Company's 
standard  upsets  for  round  and  square  bars  are  given  in  the  author's  "  Structural  En- 
gineers' Handbook." 

Clevises. — Where  small  round  or  square  steel  bars  are  used,  the  ends  should  be 
upset  and  the  connection  to  the  pin  should  be  made  by  means  of  clevises.  The  American 
Bridge  Company's  standard  clevises  are  given  in  Fig.  12,  and  in  the  author's  "  Struc- 
tural Engineers'  Handbook." 
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Tombuckles  and  Sle«ve  Nuts.— Eye-  or  loop-bars  are  made  adjuBtable  by  means 
of  turobuckles  or  Eleeve  nuts.  Turnbucldes  are  more  often  used  thaa  sleeve  nuta. 
The  turnbuckle  has  the  advantage  that  the  ends  of  the  bars  are  visible,  while  it  has  the 
.disadvantage  that  it  can  be  loosened  with  a  bar.  The  American  Bridge  Company's 
standard  turnbuckles  and  sleeve  nuts  are  given  in  Pig.  13  and  Fig.  14,  and  in  the  author's 
"  Structural  Engineers'  Handbook." 

Riveted  Tendon  Members. — The  problem  in  the  design  of  riveted  tension  members 
is  the  design  of  the  end  connections.    The  rivets  in  the  end  coaneotions  should  be  sym- 


FiQ.  12.    Clevis. 

metrical  with  the  neutral  axis  of  the  member.  This  is  sometimes  difScult  to  attain, 
and  results  in  large  eccentric  stresses.  In  riveted  tension  members  with  pin-connec- 
tions it  is  usually  specified:  (1)  That  the  net  area  through  the  pin  hole  must  exceed  the 
required  net  area  of  the  member  by  25  per  cent,  and  (2)  the  area  back  of  the  pin  hole 
on  a  plane  through  the  center  of  the  pin  hole  and  parallel  to  the  axis  of  the  member  must 
be  not  less  than  75  per  cent  of  the  area  through  the  pin  hole.  The  net  area  of  the 
member  must  be  used  in  calculating  the  strength  of  a  riveted  tension  member. 

The  net  area  of  a  tension  member.  A,  required  to  carry  a  direct  tension,  T,  with  a 
safe  unit  stress,  /,  is  ^  =  Tlf.  For  methods  of  calculating  the  stresses  in  tension 
members  due  to  direct  and  cross-bending  forces,  see  Chapter  XII. 

For  the  calculation  of  the  stresses  in  an  eccentric  riveted  connection,  see  Chap- 
ter XII. 

The  areas  to  be  deducted  for  rivet  holes  in  tension  members  are  given  in  Table  II. 

l"*"!-  '„ -i-- -' 

Fig.  13.    Tuiwbuckle.  Fio.  14.    Sleeve    Nut. 

PRESSED  STEEL  SECTIO US.— Structural  steel  sections,  I-beams,  channels, 
angles,  etc.,  are  made  by  pressing  rolled  steel  sheets  into  the  desired  shape.  Pressed 
steel  sections,  called  "steel  lumber,"  are  used  aa  joists  in  floor  construction,  and  in  wall 
construction.  Small  industrial  buildings  or  residences  have  been  made  by  coating 
the  framework  of  "steel  lumber"  with  expanded  metal  and  plaster,  for  the  walls  and 
with  reinforced  concrete  floors.     Details  of  "steel  lumber"  are  described  in  "Handbook 
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of  Steel  Lumber/'  The  National  Pressed  Steel  Co.,  Massilon,  Ohio,  and  in  "Berioy/' 
The  Berger  Manufacturing  Co.,  Canton,  Ohio. 

SPECIFICATIONS  FOR  STEEL  FRAME  BUILDINGS.— Detail  specifications 
for  the  design  of  steel  frame  mill  buildings  are  given  in  Appendix  I.  These  specifica- 
tions contain  detailed  requirements  for  loads,  allowable  unit  stresses,  materials  and  de- 
tails of  steel  frame  mill  buildings.  The  specifications  for  structural  steel  given  in  Ap- 
pendix I  are  identical  with  the  specifications  for  steel  for  buildings  adopted  by  the 
American  Society  for  Testing  Materials,  except  that  the  option  of  using  Bessemer 
steel  has  been  eliminated. 

DESIGN  OF  STEEL  FRAME  STRUCTURES.-rThe  design  of  steel  frame  struc- 
tures is  taken  up  in  detail  in  several  other  chapters. 

For  the  design  of  a  steel  roof  truss,  see  Chapter  XXXVI. 
For  the  design  of  beams  and  girders,  see  Chapter  XXXVII. 
For  the  design  of  a  steel  mill  building,  see  Chapter  XXXVIII. 
For  the  design  of  purlins,  see  Chapter  XII  and  Chapter  XXV. 

RIVETS. — Rivets  are  designed  for  shearing  stress  on  the  rivet  and  for  bearing 
stress  of  the  rivet  on  the  metal  in  the  plate  or  section.  The  allowable  stresses  on  rivets 
for  shear  and  bearing  are  given  in  Table  I. 

The  net  area  of  a  riveted  tension  member  is  found  by  deducting  the  number  of 
rivet  holes  at  any  section  from  the  gross  area  of  the  member  at  that  section.  The 
diameter  of  the  rivet  is  to  be  taken  as  |  in.  larger  than  the  nominal  diameter  of  the 
rivet.  For  example  the  hole  for  a  f  in.  rivet  is  to  be  taken  as  f  in.  Areas  to  be  de- 
ducted for  rivets  of  different  diameters  and  plates  of  different  thickness  are  given  in 
Table  II. 

Where  there  is  more  than  one  line  of  rivets  in  a  tension  member  the  number  of 
rivets  to  be  deducted  should  be  determined  by  the  following  specification  taken  from 
Appendix  I. 

Net  Section. — ^In  members  subject  to  tensile  stresses  full  allowance  shall  be  made  for  re- 
duction of  section  by  rivet-holes,  screw-threads,  etc.  In  calculating  net  area  the  rivet-hote  shall 
be  taken  as  having  a  diameter  i  in.  greater  thsm  the  normal  size  ofrivet. 

The  net  section  of  riveted  members  shall  be  the  least  area  which  can  be  obtained  by  deducting 
from  the  gross  sectional  area  the  areas  of  holes  cut  by  anv  plane  perpendicular  to  the  axis  of  the 
member  and  parts  of  the  areas  of  other  holes  on  one  side  of  tne  plane,  within  a  distance  of  4  inches, 
and  which  are  on  other  gage  lines  than  those  of  the  holes  cut  by  the  plane,  the  parts  being  deter- 
mined by  the  formula: 

.1(1 -p/4), 
in  which  A  »  the  area  of  the  hole,  and 

p  »  the  distance  in  inches  of  the  center  of_the  hole  from  the  plane. 

Angles  fastened  by  one  leg  will  have  an  eccentric  connection  and  the  allowable 
stresses  in  tension  members  should  be  reduced  or  the  bending  stress  should  be  calcu- 
lated. Angles  in  tension  that  are  fastened  by  one  leg  may  be  designed  by  the  following 
specification  taken  from  Appendix  I. 

Angles  in  Tension. — ^When  single-angle  members  subject  to  direct  tension  are  fastened  by 
one  leg,  only  seventy-five  per  cent  of  the  net  area  shall  be  considered  effective.  Angles  with  lug 
angle  connections  sliall  not  be  considered  as  fastened  by  both  legs. 

The  standard  specifications  for  the  pitch  of  rivets  in  members  and  the  edge  distance 

are  as  follows: — 

Pitch  of  Rivets. — ^The  minimum  distance  between  centers  of  rivet  holes  shall  be  three 
diameters  of  the  rivet;  but  the  distance  shall  preferably  be  not  less  than  3  in.  for  |-in.  rivets, 
2}  in.  for  {-in.  rivets,  and  2  in.  for  f-ii^*  rivets.    The  maximum  pitch  in  the  line  of  stress  for 
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membera  compoAevl  of  platea  aod  shupcB  ehall  be  16  times  the  ttucknefle  of  the  thinnrat  outside 
plate  or  6  in.  For  angles  with  two  gage  linea  and  rivets  staggered,  the  maximum  shall  be  twice 
the  above  in  each  line.  Where  two  or  more  plates  are  lued  in  contact,  rivets  not  more  than  12  in. 
apart  in  either  direction  shall  be  used  to  bold  the  platee  well  together. 

Edge  Distance.^The  ffiiniinum  distance  from  the  center  of  any  rivet  hole  to  a  sheared  edge 
shall  be  IJ  in.  for  J-ii-  rivets,  IJ  in.  for  J-in-  rivets,  and  H  in.  for  f-i"-  rivets,  and  to  a  rolled  edge 
H,  H  and  1  in.,  respectively.  The  maximum  distance  from  any  edge  shall  be  eight  times  the 
thickneaa  of  the  plate,  but  shall  not  exceed  6  in. 

MaTiTniim  Diameter. — The  diameter  of  the  rivets  in  any  angle  carrying  calculated  stress 
shall  not  exceed  one-quarter  the  width  of  the  1^  in  which  they  are  driven.  In  minor  parts  j-in. 
rivets  may  t>e  used  in  3-in.  angles,  ]-in.  rivets  in  2i-in.  angles,  and  f-in.  rivets  in  2^.  angles. 

Conventional  Signs  for  Rivets. — The  conventional  signs  for  rivets  as  used  on 
structural  drawings  are  shown  in  Fig.  15. 
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Stuiduds  for  Riveting. — The  proportions  of  structuml  rivets,  and  the  standards 
for  structural  riveting  are  shown  in  Fig.  16.  For  additional  data  and  standards,  see 
the  author's  "  Structural  Engineers'  Handlwok." 

DESIGN  OF  UCING  BASS  FOR  COLUMKS.— It  is  difficult  to  calculate  the 
bending  stresses  in  a  built-up  column,  and  since  the  shearing  stresses  depend  on  the 
bending  stresses  the  design  of  lacing  bars  must  be  largely  a  matter  of  judgment  until 
sufficient  tests  are  made  to  establish  empirical  formulas.  The  following  method  gives 
results  that  agree  with  tests  and  with  good  practice. 

For  a  column  with  a  concentric  loading,  e:iperiments  show  that  the  allowable 
unit  stress  may  be  represented  by  the  straight  line  formula,  p  =  16,000  —  70  I/r  lb.  per 
eq.  in.,  where  p  =  allowable  unitstress  in  the  member;!  =  lengthof  the  member,  c.  toe. 
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Values  above  or  to  right  of  upper  zigzag  lines  are  greater  than  double  shear. 
Values  below  or  to  left  of  lower  zigzaLg  lines  are  less  than  single  shear. 
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8  250 


8420 
9630 


i" 


4810  5500 
6020  6880 
7220 


// 


7730 


8250 

9630 

II  000 


i 


/f 


9280 
10830 
12  380 


8590 

10  310 


tt" 


II 340 


1" 


12380 


«" 


12  030113  230I1444O  15  640 

13  75o|i5  i3o|i6  50o|i7  88o 
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16840 
19250 


H 


ff 


18050 
20630 


,'f 


220CK 


Rivet 


i 
t 

i 
i 


.196 
.307 
.442 
.601 
.785 


2360 
3680 
5300 
7220 
9420 


Bearing  Value  for  Different  Thicknesses  of  Plate  at  24  000  Lbs.  Pier  Square  Indi 
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4500 
5250 
6000 


ft" 


3750 
4690 
S630 


6560J 

7  500 


i 


// 


4500 
5630 
6750 
7880 


// 


iiii 


6560 
7880 
9190 

9  ooolio  500 


i" 


6000 

7500 


ft" 


8440 


9000 
10500 

12  000 


10  130 

II  810 
13500 


f" 


9380 

11IS2. 


H" 


12380 


13 130 
15000 


14440 
16500 


i" 


13500 
liZio 


H" 


18  000I19  500 


I" 


17060I18380 
21000 


tt 


ft 
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22500 
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TABLE  II. 
Areas  to  be  Deducted  for  Rivet  Holes,  Maximum  Rivet^  and  Rivet  Spacing. 


Akkas  m  Squark  Inches,  to  bb  Deducted  from  Riveted  Plates  or  Shapes  to  Obtain  Net  Areas. 

• 


ThickneM 
of  PlatM. 


Inches. 


Diameter  of  Hole  in  Inches  (Diam.  of  Rivet  +  I"). 


\ 

A 

1 

A 

i 

A 

f 

a 

1 

ii 

.06 

.08 

.09 

.11 

.13 

.14 

.16 

.17 

.19 

.20 

.08 

.10 

.12 

.14 

.16 

.18 

.20 

.21 

.23 

.25 

.09 

.12 

:.1 

.16 

.19 

.21 

.23 

.26 

.28 

•3? 

.11 

.14 

.19 

.22 

.25 

.27 

.30 

.33 

.36 

.13 

.16 

.19 

.22 

.25 

.28 

.31 

.34 

.38 

'^} 

.l± 

.18 

.21 

.25 

.28 

.32 

.35 

.39 

.42 

46 

.16 

.20 

•^? 

.27 

.31 

.35 

.39 

43 

47 

•51 

.17 

.21 

.26 

.30 

.34 

.39 

43 

47 

.52 

.56 

.19 

'^3 

.28 

•33 

.38 

42 

.47 

•5; 

.56 

.61 

.20 

.25 

.30 

.36 

41 

.46 

.51 

.56 

.61 

.66 

.22 

.27 

.33 

.38 

.44 

49 

.55 

.60 

.66 

•71 

.23 

.29 

•35 

41 

.47 

.53 

.59 

.64 

.70 

.76 

.^5 

.31 

.38 

.44 

.50 

.56 

.63 

.69 

.75 

.81 

.27 

.33 

40 

.46 

•5? 

.60 

.66 

.73 

.80 

.86 

.28 

.35 

.42 

49 

.56 

.63 

.70 

'77 

.84 

•93 

.30 

.37 

45 

.52 

.59 

.67 

.74 

.82 

.89 

.96 

•31 

•39 

.47 

.55 

-^l 

.70 

.78 

.86 

.94 

1.02 

.33 

41 

.49 

.57 

.66 

.74 

.82 

.90 

.98 

1.07 

.36 

43 

.52 

.60 

.69 

'77 

.86 

.95 

1.03 

1. 12 

45 

■54 

.63 

.72 

.81 

.90 

.99 

ix>8 

1.17 

.38 

.47 

.56 

.66 

.75 

.84 

.94 

1.03 

1.13 

1.22 

.39 

49 

'P 

.68 

.78 

.88 

.98 

1.07 

1.17 

1.27 

.41 

.51 

.61 

.71 

.81 

.91 

1.02 

1. 12 

1.22 

1.32 

.42 

.53 

.63 

.74 

.84 

.95 

1.05 

1. 16 

1.27 

1.37 

44 

.55 

.66 

'77 

.88 

.98 

1.09 

1.20 

1.31 

1.42 

45 

.57 

.68 

.79 

.91 

1.02 

1.13 

1.25 

1.36 

147 

47 

.59 

.70 

.82 

.94 

1.05 

1.17 

1.29 

1. 41 

1.52 

.48 

.61 

.73 

.85 

.97 

1.09 

1.21 

1.33 

1.45 

1.57 

.50 

.63 

.75 

.88 

1.00 

1.13 

I.2S 

1.38 

1.50 

1.63 

i 


.22 

.27 

.33 
.38 

44 

49 

.55 
.60 

.66 

'71 

.77 
.82 

.88 

.93 
.98 

1.04 

1.09 
1.15 
1.20 
1.26 

1.31 

1.37 
1.42 

1.47 

1-53 

1.59 
1.64 

1.70 
1.75 


il 


.23 
.29 

.35 
41 

47 
.53 

.64 

.70 

.76 

.82 

.88 

.94 
1.00 
1.05 
i.ii 

1.17 
1.23 
1.29 

1.35 

1.46 

1.52 
1.58 

1.64 
1.70 
1.76 
1.82 
1.88 


.25 

.31 
.38 

44 

.69 

.75 
.81 

.88 
.94 

1.00 
1.06 

1.13 
1. 19 

1.25 
1.31 
1.38 
1.44 

1.50 
1.56 
1.63 
1.69 

1.75 
1.81 

1.88 

1.94 

2.00 


xiVi 


.27 
.33 

.46 

.60 

.66 
.73 

.80 
.86 

.93 
i.cx> 

.06 

•13 

.20 

.26 

.33 

.46 
.53 

.59 
.66 

.73 
.79 

.86 

.93 

.99 
2.06 

2.13 


xi 


.28 

.35 
42 

49 

.63 
.70 

.77 

.84 

.91 
.98 

1.05 


.13 
.20 

.27 
.34 

41 

48 

.55 
.62 

.69 
.76 
.83 
•90 


1.97 
2.04 

2.11 

2.18 
2.25 


xA 


.30 

.37 
45 
.52 

.59 
.67 

.74 
.82 

.89 
.96 
.04 
.11 

.19 
.26 

.34 
41 

.48 
.56 

.63 
.71 

.78 
.86 

.93 
2.00 


2.08 
2.15 
2.23 
2.30 
2.38 


xi 


31 
39 

47 
55 

63 
70 

78 
86 

94 

02 

09 
17 

25 
33 
41 
48 

56 
64 
72 
80 

88 

95 
03 

II 

19 
27 

34 
42 
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Maximum  Rivet  in  Leg  or  Angles  or  Flange  op  Beams  and  Channels. 


Leg  of  Angle 
Max.  Rivet 


Depth  of  Beam 
Max.  Rivet 

Depth  of  Channel 
Max.  Rivet 


} 

I 

i 

'J 

1 

1 

1 

2 
t 

1 

h 

1 

1 

I 

6 
} 

7 
I 

1 
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f 

'1 

8 
1 

1 

10 
i 

12 

i 

1 

18 
i 
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1 

I 

t 

h 

6 
i 

'1 

8 
i 

1 

10 
1 
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i 

'1 

8 
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Rtvet  Spacing  in  Inches. 


Size  of 
Rivet. 


ft 
tt 


Minimum  Pitch. 


Allowed. 


I 

2 
2 


Preferred. 


If 

2 

2j 

3 


Max.  Pitch  in  Line  of  Stress. 


At  Ends  of 
Comp.Mem. 


2 
2* 


Bridges. 


Bld'ss. 


«o  o  «)  o^ 


6 

« 

(C 
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Mhi.  Edge  Dist 


Sheared. 


I 
I| 

! 


Rolled. 


{ 

I 


Max.  Edge 
Dist. 
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m5  O    • 
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DATA  FOR  DESIGN  OP  FRAMEWORK. 


Ungth  __  ._ 


LeogA 


Ungffi 


fkads  art  the satnt  as  fir  sqisrthtsd belts- 
Jhta(kd portion  B  not  t^tertda^^pvA 


m^- 


/i 

H 
itsii 


ifH 


in  lbs- 
04 
(H 
IK 
04 
0-4 
Oi 


06EE    WASMEJtS 


Diimnstcns  oF  Washer 
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07 
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-w 
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H' 
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2-S 
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Standard  Lao   Scbiws,   Hook   Bolto  and   Washers.    Auebican   Bridos 

COMPANT. 


PINS.  445 

PINS. — The  American  Bridge  Company's  standard  bridge  pins  with  Lomas  nu£s 
are  given  in  Fig.  19,  and  in  the  author's  ''  Structural  Engineers'  Handbook."  Square 
nuts  are  sometimes  used.  The  figured  grip  for  Lomas  nuts  is  increased  as  shown  to 
make  sure  that  the  pin  has  a  full  bearing.  Where  square  nuts  are  used  a  washer  should 
be  provided  at  one  end  and  the  grip  should  be  increased  accordingly.  In  calculating 
the  grip  it  is  usual  to  assume  that  bars  may  be  1/16  inch  thicker  than  the  figured  thick- 
ness, that  riveted  members  may  be  i  inch  wider  or  narrower  than  the  figured  dimensions. 
Members  should  be  packed  on  the  pin  so  that  the  bending  moments  will  be  as  small  as 
possible.  The  allowable  bending  moments  on  pins  for  different  fiber  stresses  are  given 
in  the  author's  ''  Structural  Engineers'  Handbook."  The  method  of  calculating  the 
stresses  in  pins  is  described  in  detail  in  Chapter  XII. 

LATERAL  PINS. — The  American  Bridge  Company's  standard  cotter  pins  are 
given  in  Fig.  20,  and  in  the  author's  **  Structural  Engineers'  Handbook."  These  pins 
are  used  only  for  laterals  and  other  similar  members. 

References. — For  data  on  the  properties  of  structural  shapes  and  built  sections, 
see  the  author's  ''Structural  Engineers'  Handbook." 
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Corrugated  Steel. 

Introduction. — Corrugated  steel  is  made  from  sheet  steel  of  standard  gages,  and 
is  either  galvanized  at  the  mill  or  is  left  black.  The  black  corrugated  steel  is  usually 
painted  at  the  mill  and  is  always  painted  after  erection.  Paint  will  not  adhere  well 
to  the  galvanized  steel  until  after  it  has  weathered  unless  a  portion  of  the  coating  is 
removed  by  the  application  of  an  acid.  The  common  standard  for  the  gage  of  sheet 
steel  in  the  United  States  is  the  United  States  Standard  Gage,  and  this  should  be  used 
in  specifying  the  weight  and  thickness.  The  thickness  and  weights  per  square  of  100 
square  feet,  for  black  and  galvanized  sheet  and  corrugated  steel  are  given  in  Table  I. 

Corrugated  steel  is  made  with  corrugations  5,  3,  2^,  2,  1^  and.f  in.  wide,  approxi- 
mately. Corrugated  steel  with  corrugations  2j  in.  wide  and  f  in.  deep  is  commonly 
used  for  roofing  and  siding,  while  corrugated  steel  with  corrugations  1}  in.  wide  and 
f  in.  deep  is  frequently  used  for  lining  buildings.  Corrugated  steel  with  l|-in.  corruga- 
tions weighs  about  4  per  cent  more  than  steel  of  the  same  gage  with  2|-in.  corrugations. 
Corrugated  sheets  are  commonly  made  from  flat  bessemer  or  open  hearth  steel  sheets,  by 

Corrugated  Roof  Steel 

^  5/cfe  Lap  P  Corrugations 

>=»  -  •  Coyers  e/f'-  -  ->K-  -  -   Covers  Hi"- 


f<-    28" wide  befbre  cornugaHng 
K  •  f ^"  »    after  »       ^ 


(a) 

Special  Cor.  Roof  Steel 

5/cfe  Lap  1^  Corrugations 
r-"  Covers  2^"-^^  -  -  -  Covers  24"  " 


t^'JOw/c/e  befbre  corrugating 
\^'27^"^*  after  ri 

End  Ijap  fbr  Roof  6" 

(b) 

Corrugated  Siding  Steel 

Side  Lap  I  Corrugation 


I 


f<-  -iS'yvide  before  corrugating 
\<-2emde  after  •♦ 

End  Lap  fhr  Sides  4" 

(C) 

Fig.  1. 
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TABLE  I. 
CoRBOCATBD  Sheets.    Amehicaw  Sheet  amp  Tin  Plath  Compawy  Standakd. 
DBsaiimaH  or  Coibuoaieo  Sheets 


AUAS  0*   COUUOATED  S 

Sq.  Ft.  In  I  Sheet 


'"^- 


Sbeeu  in  loo  Sq.  Ft. 


._;.-.„.,,. 


Standard  lengths  C,  6, 7,  S,  0  and  10  feet.    Max- 
imum length,  II  feet  for  s    to  il"  corragation. 


7.14      7-69 
""      6-59 


COREVGATED  Sheets. — Painted. 
Weights  in  Pounds  per  TOO  Square  Feet. 


ThkkncM,  U.  S.  Staodatd  Gage  and  Dedraali  of  an  Inch 


Corrugated  Sheets. — Galvanized. 
Weights  in  Pounds  per  100  Square  Feet. 


Co"' 

TUcknea.  U.  S 

Studard  Gaae  and  Dedmala  o(  u  Incb 

12 
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25 
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■°i° 

.oj8 
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.031 

.028 

.025 

.022 

.019 

■017 

.016 

3S4 
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13* 
232 

i 

'4 

151 

IS7 

Ij8 
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124 
•»4 
124 
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..'.". 

98 
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91 
91 
91 
91 
94 
94 

!? 

at 
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35* 

;; 

>7 
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The  weights  per  100  square  feet  given  in  preceding  tables  do  not  include  allowances  for  eod 

side  laps.     The  following  table  gives  the  approximate  number  of  square  feet  of  sheettng  neces- 

. ..  ry  to  cover  an  area  of  too  square  feet  and  is  based  on  sheets  of  standard  width,  96  inches  long. 

If  longer  or  shorter  sheets  are  used,  the  number  of  square  feet  required  will  vary  accordingly. 

Square  Feet  of  Coi 
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rolling  one  corrugation  at  a  time.  Iron  corrugated  sheets  can  be  obtained,  but  are  very 
hard  to  get  and  cost  extra. 

The  standard  sheets  of  corrugated  steel  with  2j-in.  corrugations,  are  28  in.  wide 
before,  and  26  in.  wide  after  corrugating,  and  will  cover  a  width  of  24  in.  with  one 
corrugation  side  lap,  and  approximately  21^  in.  with  two  corrugations  side  lap,  (c)  and 
(a)  Fig.  1.  Special  corrugated  steel,  (b)  Fig.l,  can  usually  be  obtained  that  will  cover 
a  width  of  24  in.  with  1^  corrugations  side  lap.  Corrugated  steel  should  be  laid  with 
6  in.  end  lap  on  the  roof  and  4  in.  end  lap  on  the  sides  of  buildings. 

Stock  lengths  of  corrugated  steel  sheets  can  be  obtained  from  5  to  10  feet,  varying 
by  one-half  foot.  Sheets  of  any  length  between  4  and  10  feet  can  usually  be  obtained 
directly  from  the  mill  without  extra  charge.  Sheets  from  48  to  5  in.  long,  cost  5  per  cent 
extra.  Sheets  from  10  to  12  feet  long  are  very  hard  to  obtain  and  cost  extra.  Sheets 
cannot  be  obtained  longer  than  12  feet.  Stock  lengths  of  sheets  should  be  used  when- 
ever possible  as  odd  lengths  often  delay  the  filling  of  the  order.  Bevel  sheets  should 
preferably  be  ordered  in  multiple  lengths  and  should  be  cut  in  the  field.  Sheets  to  fit 
around  windows  and  doors  should  be  cut  in  the  field;  no  part  of  a  sheet  less  than  i  the 
width  of  a  full  sheet  should  ever  be  used. 


i  -  -  Oe^r 

'  Wheels 


Section  A-A 


FiQ.  2.     Rotary  Shear. 


For  cutting  and  splitting  corrugated  sheets  in  the  field  the  rotary  shear  shown  in 
Fig.  2  is  invaluable.  It  will  make  square  or  bevel  cuts,  or  will  split  sheets  without 
denting  the  corrugations.  The  shear  shown  in  Fig.  2  is  one  made  by  the  Gillette- 
Herzog  Mfg.  Co.,  Minneapolis,  Minn.,  and  was  used  by  the  author  in  the  erection  of  a 
steel  stamp  mill  in  Northern  Michigan,  while  in  the  employ  of  the  above  named  com- 
pany. The  shear  is  not  on  the  market,  but  can  be  made  in  any  ordinary  machine  shop 
at  a  comparatively  small  cost. 

Fastening  Corrugated  Steel. — Where  spiking  strips  are  used,  the  corrugated  steel 
is  fastened  with  8d  barbed  roofing  nails  f  to  2\  in.  long,  spaced  6  to  8  in.  apart.  The 
2  J-in.  barbed  nails  should  be  used  for  nailing  to  spiking  strips  and  to  sheathing  whenever 
possible.     Ninety-six  8d  barbed  roofing  nails  weigh  one  lb. 

The  common  methods  of  fastening  corrugated  steel  directly  to  the  purlins  and 
girts  are  shown  in  Fig.  3.     Nailing  pieces  should  preferably  be  used  where  anti-con- 

30 
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densation  roofing,  Fig.  14,  is  used,  or  where  the  sides  are  lined  with  corrugated  steel. 
The  clinch  nail  is  probably  the  most  satisfactory  fastening  for  the  usual  conditions. 
The  side  laps  are  fastened  together  by  means  of  copper  or  galvanized  iron  closing  rivets, 
spaced  about  8  to  12  in.  apart  on  the  roof  and  about  12  in.  apart  on  the  sides.  The 
sizes  and  weights  of  copper  closing  rivets  are  given  in  Fig.  5. 


^ "  Rirets  and  c/inch  nails  go  through 


wf^ 


top  of  corrugations 


clip  and  bolts 
spaced  6" to  It 


•nailing  piece 
nails  spaced  6"to  8' 


"  -  clinch  nails  spaced  S^to  IZ" 


1> 


'^xthklS  straps  riveted  to 
roof  steel-  spaced  8"to  12 ' 


clinch  naib 
spaced  8"toie" 


L  Purlin  leg 

Length 
tlo.per  lb. 


Table  of  Clinch  Hails 


£  Purlin  leg 

Length 
tlo.  per  lb. 


y 

4" 

5" 

6' 

r 

5" 

b" 

7- 

8" 

r 

zz 

29 

21 

£/ 

18 

3" 

4" 

5" 

6" 

r 

6" 

Tors' 

9" 

itr 

II' 

29 

21 

18 

16 

14 

FiQ.  3.    Methods  of  Fastening  Corbugated  Steel  to  Pukuns  and  Gibtb. 


Clinch  nails  are  made  of  \  in.  or  No.  10  soft  iron  wire  and  are  clinched  around  the 
purlin.  The  usual  sizes  and  weights  of  clinch  nails  for  different  lengths  of  angle  and 
channel  purlins  are  given  in  Fig.  3  and  in  Fig.  5.  Care  should  be  used  in  punching  the 
holes  in  the  corrugated  steel  for  clinch  nails  and  rivets  to  get  them  in  the  top  of  the 
corrugations  and  to  avoid  making  the  hole  unnecessarily  large.  Clinch  nails  are  spaced 
from  8  to  12  in.  apart.  Two  clinch  nails  are  usually  furnished  for  each  lineal  foot  of 
purlin  and  girt. 

Straps. — These  are  made  of  No.  18  U.  S.  gage  steel,  f  of  an  in.  wide.  These  straps 
pass  around  the  purlins  and  are  riveted  to  the  sheets  at  both  ends  by  3/16  in.  diameter 
rivets,  f  in.  long;  or,  they  may  be  fastened  by  bolts.  Order  one  strap  and  two  rivets, 
or  bolts,  for  each  lineal  foot  of  girt  or  purlin,  to  which  the  corrugated  steel  is  to  be 
fastened,  and  add  20  per  cent  to  the  number  of  rivets  for  waste,  and  10  per  cent  to  the 
straps  or  the  bolts.  One  thousand  rivets  will  weigh  6  lb. ;  one  bundle  of  hoop  steel  will 
weigh  50  lb.  and  contains  400  lineal  feet. 

Clips  and  BoUs. — These  are  used  for  fastening  corrugated  steel  to  steel  purlins  or 
girts.  Clips  are  made  of  No.  16, 1}  in.  steel,  about  2\  in.  long,  and  are  slightly  crimped 
at  one  end,  to  go  over  the  flange  of  the  purlin.  The  bolts  are  of  the  same  diameter,  and 
have  the  same  head  as  the  clinch  rivets,  except  that  they  are  supplied  with  threads  and 
nut,  and  are  about  1  in.  long.  These  clips  and  bolts  should  not  be  used  excepting  in 
special  cases,  where  the  regular  fastenings  cannot  be  easily  applied. 
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In  cases  where  flashing,  cornice  work,  and  several  thJcknesseB  of  metal  are  to  be 
fastened  at  one  point,  rivets  or  bolts,  other  than  standard  lengths  given  will  be  needed. 
Closing  rivets  }  in.  long  and  bolts  1 J  long  will  usually  answer  these  cases. 

If  side  laps  of  corrugated  steel  are  to  be  riveted,  rivets  should  be  ordered,  one  for 
each  lineal  foot  of  side  lap,  plus  20  per  cent  for  waste. 

If  corrugated  steel  is  to  be  fastened  to  wooden  purlins  or  timber  sheathing,  order 
8d  barbed  nails  for  roofing  and  for  siding.  These  nails  should  be  spaced  one  foot  apart, 
for  both  end  and  aide  laps;  add  20  per  cent  for  waste.  Ninety-six  8d  barbed  nails 
weigh  1  lb. 

Corrugated  steel  for  roofing  should  be  laid  with  two  corrugations  aide  lap  if  standard 
or  1}  corrugations  side  lap  if  special,  and  6  in.  end  lap.  Corrugated  steel  for  siding 
should  have  one  corrugation  side  lap  and  4  in.  end  lap. 


"254507 
3pan,L,inft. 
Fio.  4.    Safe  Uniform  Load  in  Pounds  for  Corrugated  Steel  for  Different  Spans 
IN  Feet. 

Copper  rivets  weighing  about  6  pounds  per  1000  rivets  have  commonly  been  used 
for  closing  rivets;  but  galvanized  iron  rivets  made  of  very  soft  wire  and  weighing  about 
7  pounds  per  1000  rivets  are  fully  as  good  and  cost  less. 

Standard  details  for  corrugated  steel  are  shown  in  Fig.  5. 

Strength  of  Corrugated  Steel. — The  safe  load  per  square  foot  for  corrugated  steel 
supported  as  a  simple  beam,  for  sheets  with  2)-in.  corrugations  and  of  various  gages  is 
given  in  Fig.  4.     This  diagram  is  based  on  Rankine's  formula 
_      32  S-h-h-t 
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I 


where  \ 


nib.; 


S  =  working  stress  in  lb.; 

h  =  depth  of  the  corrugations  in  in.; 

b  =  width  of  the  sheet  in  in.; 

t  =  thickness  of  the  sheet  in  in.; 

I  =  clear  span  in  in. 
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A  summary  of  experiments  to  determine  the  strength  of  corrugated  steel  made  under 
the  author's  direction  by  Mr.  Ralph  H.  Gage,  is  given  in  Technograph  No.  17.  These 
tests  checked  the  Rankine  formula  very  closely. 

_  ■ 

Purlins  are  commonly  spaced  for  a  safe  load  of  30  lb.  per  sq.  ft.  as  given  in  Fig.  4; 
if  the  purlins  are  spaced  farther  apart  than  this,  the  steel  will  deflect  a  dangerous  amount 
when  walked  on,  and  will  leak  snow  and  rain.    Girts  should  be  spaced  for  a  safe  load  of 
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Fig.  6.    CopauoATED  Steel  Details. 


454 


CORRUGATED  STEEL. 


Chap.  XXVHL 


about  20  lb.  per  sq.  ft.  From  an  inspection  of  Fig.  4,  it  is  evident  that  corrugated  steel 
lighter  than  No.  24  is  of  little  use  for  mill  buildings.  Corrugated  steel  of  No.  26  or  28 
gage  is  so  thin  that  it  soon  rusts  out  and  should  never  be  used  unless  for  lining  cheap 
buildings. 

Corrugated  Steel  Details. — ^Ridge  Roll. — The  ridge  roll  most  commonly  used  is 
made  from  No.  24  flat  steel,  and  has  a  2|-in.  roll  and  6-in.  aprons.  It  comes  in  96-in. 
lengths  and  should  be  laid  with  3  in.  end  lap.  Plain  and  corrugated  ridge  roll  are  used, 
Fig.  6.     Ridge  roll  is  fastened  with  rivets  or  nails  spaced  6  to  8  in.  apart. 

Flashing. — Flashing  is  used  where  the  roof  changes  slope,  around  chimneys  and 
openings  in  the  roof,  and  over  windows  and  doors,  and  should  be  of  sufficient  dimensions 
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Fig.  7.    Sheet  Steel  Gutters. 
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and  so  arranged  that  at  least  3  in.  vertioal  height  is  obtained  between  the  edge  of  the 
flashing  and  the  end  of  the  oorrugated  steel  roofing.  Vertical  and  horizontal  seams  of 
all  flashing  should  be  closely  riveted.  Flashing  is  made  from  flat  sheets  of  the  same 
gage  as  the  corrugated  steel,  and  can  be  obtained  up  to  96  in.  in  length.  Flashing  is 
made  both  plain  and  corrugated.  Fig.  6. 

Comer  Finish. — Corner  finish  is  made  in  various  ways,  three  of  which  are  shown  in 
Fig.  6.    Other  methods  are  shown  on  the  succeeding  pages. 


(a)  Hanging  Ouiier 


ib)  Hanging  Ouffer 


-  SfetJ  Siding 
(c)  Hanging  Out  far 

Fia.  8. 


Gutters  and  Conductors. — Gutters  for  eaves  are  ordinarily  made  from  No.  24,  and 
valley  fitters  from  No.  20  galvanized  steel.  Gutters  may  be  obtained  in  even  foot 
lengths  up  to  10  ft.,  and  should  have  4-in.  end  laps.  Special  flat  sheets  up  to  42  in. 
in  width  can  be  obtained  for  making  gutters  and  details. 

The  common  sizes  of  half  round  gutters  are  shown  in  Fig.  7.  Two  common  forms 
of  adjustable  hangers  are  shown  in  (d)  and  (e)  in  Fig.  7. 

Three  forms  of  hanging  gutters  and  one  form  of  box  gutter  used  with  brick  walls 
are  shown  in  Fig.  8. 

A  standard  form  of  valley  gutter  is  shown  in  (b).  Fig.  12.  Extreme  care  should 
be  used  in  making  valley  gutters  to  see  that  the  sides  are  carried  well  up,  and  that  the 
laps  are  well  soldered. 

Standard  eave  and  valley  gutters  designed  by  the  American  Bridge  Company  are 
given  in  Fig.  9. 

Conductors  are  made  plain  round  or  square,  end  corrugated  round  or  square. 
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Corrugated  conductors  are  to  be  preferred  to  plain  conductors  for  the  reason  that  they 
will  give  when  the  ice  freezes  inside  of  tliem,  and  will  not  buret  as  the  others  often  do- 
Common  sizes  of  round  pipe  are  2  in.,  3  in.,  4  in.,  5  in.,  and  6  in.  diameter.  Commoa 
siaesof  square  pipe  areljin.  X  2i  in.,  2|iii.  X  3i  in.,  2i  in.  X  ij  in.  andSjin.  X5in., 
equal  to  2  in.,  3  in.  and  4  in.  round  pipe,  respectively.  Conductor  pipes  are  fastened 
with  hooks  or  by  means  of  wire. 

Design  of  Gutters  and  Conductors. — The  specifications  of  the  American  Bridge 
Company  for  the  design  of  gutters  and  conductors  are  as  given  in  Table  II.  Eave  or 
valley  gutters  should  always  be  galvanized.  Valley  gutters  should  be  No.  20  gage. 
Eave  gutters  and  conductors  should  be  No.  22  gage.  Gutters  should  be  sloped  not 
less  than  1  in.  in  15  ft. 

TABLE  II. 


WEioara  or  Eavb  GDrrEEfl 

AND  CONDDCTORS  OP  GalV.  IrON  OR 

Steel. 

SpODof  Raa(. 

Slie  of  Culter. 

Wt.  pn  fl. 

Saiand-Spadna 

Wt.  per  lin.  ft. 
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Fig.  9.     Details  of  Conddctohs  and  Downspouts.     American  Bbidgb  Compakt, 
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The  diagram  in  Fig.  10  for  the  design  of  gutters  and  conductors  was  described  in 
Kngineering  News,  April  17,  1902,  by  Mr.  Emmett  Steece,  Assoc.  M.  Am.  See,  C.  E., 
City  Engineer  of  Burlington,  Iowa,  as  follows: — 


Fio.  10. 

"  The  curves  are  for  i  pitch  or  flat  roofs,  to  full  pitch  or  domes.  The  areas  are 
reduced  to  plan  as  shown.  The  minimum  sizes  of  circular  and  commercial  rectangubr 
conductors  are  given  on  the  left  side  of  the  diagram  and  the  sizes  and  the  minimum  cross- 
sectional  areas  of  square  gutters  are  given  on  the  right  hand  side. 

"  To  use  the  diagram:  Assume  an  area  of  roof,  say  30  X  100  ft.,  or  3000  sq.  ft.,  J 
pitch  and  one  conductor  for  the  whole  area.  Note  the  intersection  of  the  vertical  over 
area  3000  and  the  curve  of  J  pitch;  following  thence  the  horizontal  line  to  the  left  it 
strikes  a  diameter  of  5  in.  for  circular,  or  over  Sj  X  4j  in.  for  commercial  size.  The 
next  larger  size  would  be  used.  The  minimum  cross-sectional  area  of  gutters  ia  shown 
on  the  right  to  be  about  30  sq.  in.,  and  the  side  of  a  square  conductor  about  4.5  in." 

This  diagram  was  based  on  a  maximum  rainfall  of  1.98  in.  per  hour. 

English  practice  is  as  follows:  Rain-water  or  down-pipes  should  have  a  bore  or 
internal  area  of  at  least  one  sq.  in.  for  every  60  sq.  ft.  of  roof  surface  in  temperate 
climates,  and  about  30  sq.  ft.  in  tropical  climates.  They  should  be  placed  not  more 
than  20  ft.  apart,  and  should  have  gutters  not  less  in  width  than  twice  the  diameter  of 
the  pipe. 

The  practice  among  American  architects  is  to  provide  about  one  sq.  in.  of  conductor 
area  for  each  75  sq.  ft.  of  roof  surface;  no  conductor  less  than  2  in.  in  diameter  being 
used  in  any  case. 

To  prevent  clogging  with  debris  the  tops  of  all  downspouts  should  be  protected  by 
means  of  wire  guards.  In  oold  climates  the  downspouts  should  be  carried  down  inside 
the  building,  or  the  downspout  may  be  kept  free  from  ice  by  means  of  live  steam,  which 
is  introduced  through  a  cock  near  the  bottom.  Cast-iron  downspouts  give  the  best 
e  and  should  preferably  be  used. 

Loavres. — Weights  of  Shiffier  louvres  of  black  iron  or  steel  ore  as  follows: 

Cage  No.  Weight  per  Sq.  Ft. 

20  2.7  lb. 

22  2.0  lb. 

The  weight  is  obtained  from  Fig.  11,  as  follows: 
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Fig.  11.    Louvres. 


Louvres  are  estimated  in  square  feet  =  2A  X  length. 

To  get  weight  multiply  area  by  (1.7  X  weight  per  sq.  ft.  of  flat  of  material  used). 

Weight  of  Ridge  Roll. — Ridge  roll  is  ordinarily  of  same  gage  as  roofing  and  black  or 
galvanized  to  correspond  witlf  same.  Ridge  roll  is  usually  made  from  an  18  in.  flat 
sheet. 

TABLE  in. 

Weight  of   Ridge  Roll. 


Gage  No. 

Weight.  lb.  per  lineal  ft. 

20 
22 

24 

2.4 

2.0 

1.6  J 

-  Black  Iron  or  Steel. 

Cornice. — There  are  many  methods  of  finishing  the  gables  and  eaves  of  buildings. 
A  gable  finish  for  a  steel  end,  and  for  a  brick  end  as  used  by  the  American  Bridge  Com- 
pany, are  shown  in  Fig.  12.  The  steel  end  may  have  a  cornice  made  by  bending  the 
corrugated  steel  as  shown,  or  a  molded  cornice. 

The  flashed  finish  shown  in  (a),  Fig.  12  is  quite  effective  and  gives  a  very  neat 
appearance.  The  corrugated  steel  siding  should  preferably  be  carried  up  to  the  roof 
steel. 

In  (a),  Fig.  13,  the  eave  cornice  is  made  by  simply  extending  the  roofing  steel, 
while  the  gable  cornice  is  made  by  bending  a  sheet  of  corrugated  steel  over  the  ends  of 
the  purlins  and  nailing  to  wooden  strips  as  shown. 

Sheets  heavier  than  No.  22  should  not  be  bent  in  the  field.  The  corner  finish  is 
made  by  bending  a  sheet  of  corrugated  steel. 

The  cornice  and  ridge  finish  shown  in  (b),  Fig.  13,  designed  by  Mr.  H.  A.  Fitch, 
Kansas  City,  Mo.,  is  very  neat,  eflficient  and  economical.  The  galvanised  rivets 
are  much  cheaper  than  copper  rivets,  and  are  preferred  by  many  to  the  copper  rivets. 
The  detail  shown  was  for  a  small  dry  house  in  which  the  eave  strut  was  omitted. 

In  (c),  Fig.  13,  the  eave  and  gable  cornice  are  made  of  plain  flat  steel  bent  in  the 
shop  as  shown.  The  eave  cornice  is  made  to  mitre  with  the  gable  cornice,  thus  giving 
a  neat  finish  at  the  corner.  The  corner  finish  is  made  by  using  sheets  at  the  comers  in 
which  one-half  is  left  plain. 
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In  (d),  Fig,  13,  the  eave  strut  and  gable  cornice  are  molded.  The  two  cornices 
are  bo  made  as  to  mitre  at  the  comers,  the  mitres  being  made  in  the  field.  A  plain 
corner  cap  is  put  on  as  shown,  after  bending  the  corrugated  steel  around  the  comer. 


(a )  Flashed  FiniA 


(b)  Yjllty  Guffer 


(C)  Oabfa  Rnish  for  Stgtt  End         (d)  Gabk  Finhh  y^h  Snik  Wall 

FlQ.    12.      CORBDOATBD  StEEL  DETAILS. 

Anti-coiidensation  lining.— To  prevent  the  condensation  of  moisture  on  the  inner 
surface  of  a  Bteel  roof,  and  the  resulting  dripping,  the  atUi-tondeiuation  lining  shown  in 
Fig,  14  and  in  Fig.  15  is  frequently  used. 

Anti-condensation  lining,  shown  in  Fig.  14,  consists  of  asbestos  felt  supported  on 
wire  netting  that  is  stretched  tight  and  supported  by  the  purlins.  Anti-condensft- 
tion  lining  is  put  on.according  to  two  systems. 

Berlin  System,  Fig.  14. — (1)  Lay  galvanized  wire  netting,  No.  19,  2-in.  meeh,  trans- 
versely to  the  purlins  with  edges  about  ij  in.  apart  so  that  when  laced  together  with 
No,  20  brass  wire  the  netting  will  be  stretched  smooth  and  tight.  When  the  purlins 
are  spaced  more  than  4  ft.  apart  stretch  No.  9  galvanized  wire  across  the  purlins  about 
2  ft,  centers  to  hold  up  the  netting. 

(2)  On  the  top  of  the  wire  netting  place  a  layer  of  asbestos  paper  weighing  14  lb. 
per  square  of  100  sq.  ft.,  and  on  this  place  a  layer  of  asbestos  paper  weighing  6  lb.  per 
square.     All  holes  in  the  paper  must  be  patched  when  laid. 

(3)  On  top  of  the  asbestos  paper  lay  two  thicknesses  of  Neponset  building  pap^r. 
Note. — The  asbestos  and  building  paper  should  lap  3  in.  and  break  joints  12  in. 

The  corrugated  steel  is  fastened  with  the  usual  connections.     Use  tin  washers  on  cor- 
rugated steel  bolts  where  there  is  danger  of  breaking  or  tearing  the  lining. 
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Wire  netting,  No.  19  gage,  2-in.  mesh  comes  in  bundles  6  ft.  wide  and  150  ft.  long, 
containing  900  aq.  ft.  AsI>estos  comes  in  rolls  36  in.  wide  and  is  Bold  by  the  pound. 
No.  20  brass  wire  ia  bought  by  the  pound,  272  lineal  ft.  weigh  one  pound.  Neponset 
building  paper  comes  in  roUa  36  in.  wide  and  250  ft.  or  500  ft.  long.  Do  not  cut  a  roll. 
Add  10  per  cent  for  laps  of  asbestos  and  building  paper. 
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Minneapolis  System,  Fig.  14  and  Fig.  15. — (1)  Lay  wire  netting,  No.  19,  2-in.  mesh, 
transversely  to  the  purlins,  with  edges  ij  in.  apart,  so  that  when  laced  together  with 
No.  20  brass  wire  the  netting  will  be  stretched  smooth  and  tight. 

(2)  On  the  top  of  the  netting  lay  asbestos  paper  weighing  30  lb.  to  the  square  of 
100  sq.  ft.,  allowing  3  in.  for  laps.  For  important  work  lay  one  or  two  thicknesses  of 
building  paper  on  top  of  the  asbestoa. 

(3)  Lay  the  corrugated  steel  and  fasten  to  purlins  in  the  usual  manner. 

Note. — If  wood  purlins  are  used  the  wire  netting  may  be  fastened  to  the  nailing 
strips  with  I  in.  staples.  Where  the  purlins  are  more  than  2  ft.  6  in.  centers  place  a  line 
of  3/16  in.  bolts  between  purlins,  about  2  ft.  centers,  with  washers  1  in.  X  4  in.  X  i  in. 
to  prevent  netting  from  sagging. 

Details  of  an ti -condensation  lining  are  shown  in  Fig.  14  and  Fig.  15. 

The  author  would  recommend  that  purlins  be  spaced  one-half  the  usual  distance 
where  anti-condensation  lining  ia  used;  the  stove  bolts  could  then  be  omitted.     Asbestos 
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paper  ^g  in.  thick  cornea  in  rolle,  and  weighs  about  32  lb.  per  square  of  100  eq.  ft. 
Galvaniied  poultry  netting  comes  in  rolls  60  in.  wide  and  weighs  about  10  lb.  per  square. 
The  corrugated  eteel  used  with  anti-condensation  roofing  should  never  be  less  than 
No.  22,  and  the  purlins  should  be  spaced  for  not  leas  than  30  lb.  per  sq.  ft.  A  less  sub- 
stantial roof  will  not  usually  be  satisfactory. 
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{S}AtfTi- Condensation  Roofihs 
MiNHEAPOUS  System 


An  engine  house  with  anti-condensation  lining  on  the  roof  and  sides  has  been  in 
use  in  the  Lake  Superior  copper  country  for  several  years,  and  has  been  altogether 
satisfactory  under  trying  conditions.  The  covering  and  lining  of  roof  and  sides  are 
fastened  by  clinch  nails  to  angle  purlins  and  girts  spaced  about  two  feet  apart. 

A  transformer  building  designed  by  the  author  and  buiit  by  the  Gillette-Herzog 
Mfg.  Co.,  at  East  Helena,  Montana,  has  anti-condensation  lining  on  the  roof  as  shown 
in  Fig.  8,  Chapter  XXVI,  and  is  lined  on  the  sides  with  one  layer  of  asbestos  poper,  and 
li-inch  No.  26  corrugated  steel.  The  black  framework,  the  red  side  lining,  and  white 
roof  lining  made  a  very  pleasing  interior. 

Comigated  Steel  Plans.— The  shop  plans,  list  of  steel  and  details  of  the  corrugated 
steel  for  a  mill  building  are  shown  in  Fig,  7  and  Fig.  8,  Chapter  XXVI.     Corrugated 
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steel  sheets  should  be  ordered  to  cover  two  purlia  or  girt  spaces  if  possible.  Bevel 
sheets  should  be  ordered  by  number,  and  sheets  should  be  split  and  reentrant  cuts 
should  be  made  in  the  field.  All  sheets  should  be  plainly  marked  with  the  number  or 
length.  Sheets  No,  22  or  lighter  can  be  bent  in  the  field,  heavier  metal  should  always 
be  bent  at  the  mill.  In  preliminary  estimates  of  corrugated  steel  allow  20  per  cent  for 
laps  where  two  corrugations  side  lap  and  6  inches  end  lap  are  required,  and  15  per  cent 
for  laps  where  on  corrugation  side  lap  and  4  inchra  end  lap  are  required. 


'-*  /ft  Asbtstm  fypti 


:I!kj  Strip  *  fijVi  / 


Fig.  15.    Detaii^  of  Anti-Condensation  Lining. 
For  the  cost  of  corrugated  steel,  and  coat  of  laying  corrugated  steel,  see  Chapter  XL. 


CHAPTER  XXIX. 
Roof  Coverings. 

Introduction. — Industrial  buildings  are  covered  with  corrugated  steel  supported 
directly  on  the  purlins;  by  slate,  clay  or  cement  tile  supported  by  sub-purlins;  or  by 
corrugated  steel,  slate,  tile,  shingles,  tar  and  gravel,  or  other  composition  roof,  or  some 
one  of  the  various  patented  roofings  supported  on  sheathing.  For  ordinary  buildings, 
the  sheathing  to  support  the  roof  covering  is  commonly  made  of  a  single  layer  of  planks 
1  to  3  in.  thick.  Two  layers  of  planks  are  sometimes  used,  with  a  thin  layer  of  lime 
mortar  between  the  planks  as  a  protection  against  fire.  A  laminated  plank  sheathing 
may  be  used.  In  making  this  sheathing,  plank  2  to  3  in.  thick,  and  4  to  6  in.  wide  are 
placed  on  edge  on  the  top  chords  of  the  trusses  and  are  spiked  together  with  60d  spikes 
spaced  18  in.  centers.  The  laminated  plank  sheathing  should  be  fastened  to  the  upper 
chords  of  the  trusses  by  means  of  bolts.  For  the  thickness  of  wood  sheathing  see  Table 
I,  Chapter  XXXII.  Where  the  planks  are  partially  continuous  the  allowable  spans 
for  deflection  may  be  increased  about  25  per  cent.  Wood  sheathing  with  a  thickness  of 
less  than  If  in.,  commercial  2  in.  plank,  should  not  be  used.  The  allowable  spans  for 
laminated  sheathing  made  of  commercial  2  in.  by  4  in.  plank,  and  2  in.  by  6  in.  plank 
may  be  obtained  from  Table  I,  Chapter  XXXII.  Where  the  planks  are  laid  with,  say, 
one  plank  in  four  continuous  over  the  truss,  quite  satisfactory  results  will  be  obtained 
with  a  2  in.  by  4  in.  laminated  plank  floor  designed  to  carry  a  roof  load  of  50  lb.  per  sq. 
ft.  on  spans  of  16  ft. 

The  sheathing  may  also  be  made  of  reinforced  concrete  or  of  reinforced  gypsum. 
Reinforced  gypsum  slabs  have  the  advantage  that  they  may  be  molded  on  the  ground 
and  hoisted  into  place,  that  they  are  much  lighter  than  concrete,  and  also  do  not  sweat 
on  the  under  side,  as  may  be  the  case  with  roof  sheathing  that  is  a  good  conductor  of 
heat.  For  the  thickness  of  reinforced  concrete  slabs,  see  Tables  II  and  III,  Chapter 
XXXII. 

Roofs  of  smelters,  foundries,  steel  mills,  mine  buildings  and  similar  structures  are 
commonly  covered  with  corrugated  steel.  Where  the  buildings  are  heated,  or  where  a 
more  substantial  roof  covering  is  to  be  desired,  slate,  tile,  tin  or  a  good  grade  of  com- 
position roofing  is  used.  For  very  cheap  and  for  temporary  roofs,  a  composition  roofing 
laid  on  plank  sheathing  is  commonly  used. 

The  following  roof  coverings  will  be  described  in  the  order  given;  corrugated  steel, 
slate,  terra  cotta  tile,  cement  tile,  tin,  sheet  steel,  tar  and  gravel,  asphalt  and  gravel, 
shingle,  and  also  several  patented  roofings. 

CORRUGATED  STEEL  ROOFING.— Corrugated  steel  roofing  is  laid  on  plank 
sheathing  or  is  supported  directly  on  the  purlins  as  described  in  Chapter  XXVIII.  For 
the  cost  of  erecting  corrugated  steel  roofing,  see  Chapter  XL.  Corrugated  steel  sheets 
covered  with  an  asbestos  preparation  can  now  be  obtained  on  the  market. 

Corrugated  steel  roofing  should  be  kept  well  painted  with  a  good  paint.  Where 
corrugated  steel  is  exposed  to  the  action  of  corrosive  gases,  as  in  the  roof  of  a  smelter 
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reaucing  Bulphur  ores,  ordinary  red  lead  or  iroa  oxide  paint  is  practically  worthlesa  aa 
a  protective  coating;  better  results  have  been  obtained  by  using  graphite  or  asphalt 
paints.  Tnr  paint,  made  by  mixing  tar,  Portland  cement  and  kerosene  in  the  propor- 
tions of  16  parts  of  tar,  4  parts  of  Portland  cement,  and  3  parts  of  kerosene,  by  volume, 
is  an  excellent  protection  against  corrosive  gases  in  smelters  and  similar  structures. 
To  prevent  the  condensation  of  vapor  on  the  inside  of  the  metal  roof,  corrugated  steel 
roofing  should  be  laid  on  sheathing  or  should  have  anti-condensation  lining.  The 
corrosion  of  corrugated  steel  is  sometimes  very  rapid.  In  1898,  the  author  saw  at  the 
Trail  Smelter,  Trail,  B.  C,  a  corrugated  steel  roof  made  of  No.  22  corrugated  steel  and 
painted  with  oxide  of  iron  paint  that  had  corroded  so  rapidly  in  one  year  that  one  could 
stick  his  finger  through  it  as  easily  as  through  brown  paper.  The  climate  in  that 
locality  is  moist,  and  the  smelter  was  used  for  reducing  sulphur  ores.  Galvanized 
corrugated  steel  is  used  quite  extensively  in  many  niining  districts. 

SLATE  ROOFING.— There  are  many  varieties  of  roofing  slate,  among  which  the 
Brownville  and  Monson  slates  of  Maine,  and  Bangor  and  Peach  Bottom  slates  of 
Pennsylvania  are  well  known  and  are  of  excellent  quality.  Besides  the  characteristic 
slaty  color,  green,  purple  and  red  variegated  roofing  slates  may  be  obtained.  The  best 
quality  of  slate  has  a  glistening,  semi-metallic  appearance.  Slate  with  a  dull,  earthy 
appearance  will  absorb  water  and  is  liable  to  be  destroyed  by  the  frost. 
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Roofing  slates  are  usually  made  from  \ta\  in.  thick,  3/16  in.  being  a  very  common 
thickness.  Slates  vary  in  siie  from  €  in.  X  12  in.  to  24  in.  X  44  in.;  the  sizes  varying 
from  6  in.  X  12  in.  to  12  in.  X  18  in.  being  the  most  common.  Slates  are  laid  like 
shingles  as  shown  in  Fig.  1.  The  lap  most  commonly  used  is  3  in.;  where  less  than  the 
minimum  pitch  }  is  used,  the  lap  should  be  increased.  The  number  of  slates  of  different 
sizes  required  for  one  square  of  100  sq.  ft.  of  roof  for  a  3  in.  lap  are  given  in  Table  I. 

The  weight  of  slates  of  various  lengths  and  thicknesses  required  for  one  square  of 
roofing,  using  a  3  in.  lap,  is  given  in  Table  II.  The  weight  of  slate  is  about  174  lb.  to 
the  cubic  foot. 
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The  weight  of  slate  per  sq.  ft.  of  different  thicknesses  is  given  in  Table  III. 

The  minimum  pitch  recommended  for  a  slate  roof  is  i;  but  even  with  steeper  roofs 
the  rain  and  snow  may  be  driven  under  the  slates  by  the  wind.  This  can  be  prevented 
by  laying  the  slate  in  slater's  cement.  Cemented  joints  should  always  be  used  around 
eaves,    ridges  and   chimneys.    Slate   may  be  laid   on  plank  sheathing,   reinforced 


TABLE  I. 
Number  of  Roofing  Slates  Required  to  Lay  One  Square  of  Roof  with  3-In.  Lap. 


size  In  Inches. 

No.  of  Slate  in 
Squaxe. 

Sbe  In  Inches. 

No.  of  Slate  in 
Square. 

Size  in  Inches. 

No.  of  Slate  In 
Square. 

6X  12 
7X  12 
8X  12 
9X  12 

10  X  12 
12  X  12 

7X14 

8X  14 

9X14 

10  X  14 

12X14 

533 

457 
400 

355 

320 
266 

374 
327 

291 
261 
218 

8X16 

9X16 

10  X  16 

12X16 

9X18 

10  X  18 

11  X  18 

12  X  18 

14  X  18 

10  X  20 

11  X  20 

246 
221 
184 

213 
192 

160 

137 
169 

154 

12  X  20 
14  X  20 

11  X22 

12  X  22 

14  X22 
12  X  24 
14X24 
16X24 

14X26 
16X26 

141 
121 

126 

108 
"4 

86 
78 

TABLE  IL 
The  Weight  of  Slate  Required  for  One  Square  of  Roof. 


Length  in 

Weight  in  pounds,  per  square,  for  the  thickness. 

Inches. 

i" 

A" 

i" 

1" 

J" 

f" 

!" 

I" 

12 
18 

483 
460 

445 

434 

f    724 

688 
667 
650 

967 
920 

890 

869 

1450 
1370 
1336 
1303 

1936 

1842 

1784 
1740 

2419 
2301 
2229 

2174 

2902 
2760 
2670 
2607 

3872 

3683 

3567 
3480 

20 
22 

It 

425 
418 
412 

407 

Pi 
626 

617 

610 

851 
836 

825 
815 

1276 
1254 
1238 
1222 

1704 

1675 
1653 

1631 

2129 
2093 
2066 
2039 

2553 
2508 

2478 

2445 

3408 

3350 
3306 
3263 

TABLE  III. 
Weight  of  Slate  Per  Square  Foot. 


Thickness — in. 
Weight— lb. . . 


i 

1.81 


A 

2.71 


i 
3.62 


f 

5.43 


i 

7.25 


f 

9.06 


10.87 


I 
14.5 


concrete  slabs,  reinforced  gypsum  slabs,  or  may  be  laid  directly  on  snb-purlins. 
The  sheathing  should  be  strong  enough  to  prevent  deflections  that  will  break  the  slate. 
Plank  sheathing  should  be  tongued  and  grooved  or  ship-lapped,  and  should  be  dressed 
on  the  upper  surface.  Tar  roofing  felt  laid  between  the  slates  and  sheathing  materially 
assists  in  making  the  roof  waterproof  and  prevents  breakage  when  the  roof  is  walked  on. 
The  use  of  rubber-soled  shoes  by  the  workmen  will  materially  reduce  the  breakage 
caused  by  walking  on  the  roof.  Roofing  slates  may  also  be  supported  directly  on  sub- 
Si 
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purlins.  The  details  of  this  method  are  practically  the-same  as  for  tile  roofing,  which 
see. 

When  roofing  slates  are  laid  on  sheathing,  they  are  fastened  by  two  nails,  one  in 
each  upper  corner.  When  supported  directly  on  sub-purlins,  the  slates  are  fastened  by 
copper  or  composition  wire.  Galvanized  and  tinned  steel  nails,  copper,  composition  and 
zinc  slate  roofing  nails  are  used.  Where  the  roof  is  to  be  exposed  to  corrosive  gases, 
copper,  composition  or  zinc  nails  should  always  be  used. 

Slate  roofs,  when  made  from  first-class  slate,  well  laid,  have  been  known  to  last 
fifty  years.  When  poorly  put  on,  or  when  an  inferior  quality  of  slate  is  used,  slate 
roofs  are  comparatively  short-lived.  Slate  are  easily  broken  by  walking  over  the  roof, 
and  are  sometimes  broken  by  hail  stones.  Slate  roofing  is  fireproof,  as  far  as  sparks  are 
concerned,  but  the  slate  will  crack  and  disintegrate  when  exposed  to  heat.  Local  con- 
ditions have  much  to  do  with  the  life  of  slate  roofs,  an  ordinary  life  being  from  twenty- 
five  to  thirty  years. 

CLAY  TILE  ROOFING. — Baked  clay  or  terra  cotta  roofing  tiles  are  made  in  many 
forms  and  sizes.  Plain  roofing  tiles  are  usually  10^  in.  long,  6}  in.  wide  and  f  in.  thick, 
weigh  from  2  to  2j  lb.  each,  and  lay  one-half  to  the  weather.  There  are  many  other 
forms  of  tile,  among  which  book  tile,  Spanish  tile,  pan  tile  and  Ludowici  tOe  are  well 
known.    Tile  are  also  made  of  glass,  which  are  used  in  the  place  of  skylights. 

Clay  tile  may  be  laid  (1)  on  plank  sheathing,  (2)  on  concrete  or  gypsum  slab  sheath- 
ing, or  (3)  may  be  supported  directly  on  angle  sub-purlins,  as  shown  in  Fig.  9,  Chapter 
XXV.    Tiles  are  laid  on  sheathing  in  the  same  manner  as  slate. 

The  roof  shown  in  Fig.  9,  Chapter  XXV,  was  constructed  as  follows.  Terra  cotta 
tile,  manufactured  by  the  Ludowici  Roofing  Tile  Co.,  Chicago,  III.,  were  laid  directly 
.  on  the  angle  sub-purlins,  every  fourth  tile  being  secured  to  the  angle  sub-purlins  by  a 
piece  of  copper  wire.  The  tiles  were  interlocking,  requiring  no  cement  except  in  ex- 
ceptional cases.  The  tiles  were  9  in.  X  16  in.  in  size,  135  being  suflicient  to  lay  a  square 
of  100  sq.  ft.  of  roof.  These  tiles  weigh  from  750  to  800  lb.  per  square,  and  cost  about 
eight  dollars  per  square  at  the  factory.  Skylights  in  this  roof  were  made  by  substituting 
glass  tile  for  the  terra  cotta  tile. 

The  roof  of  the  two-story  portion  of  the  new  laboratory  building  at  the  University 
of  Colorado,  see  Fig.  2,  Chapter  XXX,  is  made  of  Ludowici  tile,  supported  on  sheathing 
made  of  gypsum  slabs.  The  tile  are  fastened  to  the  sheathing  by  means  of  wire  whieh 
passes  through  lugs  on  the  under  side  of  the  tile  and  through  the  gypsum  slabs. 

Tile  roofs  laid  without  sheathing  do  not  ordinarily  condense  the  steam  on  the  inner 
side  of  the  roof,  unless  the  tiles  are  glazed,  although  several  oases  have  been  brought  to 
the  author's  attention  where  the  condensation  has  caused  trouble  in  clay  tile  roc^s. 
Anti-condensation  linings  should  be  used  where  there  is  danger  of  excessive  sweating, 
or  the  tiles  should  be  laid  on  a  non-sweating  sheathing.  For  the  cost  of  clay  tile  roofs, 
see  Chapter  XL. 

CEIONT  ROOFING  TILE,— Cement  tile  are  made  of  Portland  cement  and  dean, 
sharp  sand  and  are  reinforced  with  steel  rods. 

Data  for  "  Bonanza  "  cement  tile,  manufactured  by  the  American  Cement  Tile 
Mfg.  Co.,  Pittsburgh,  Pa.,  are  given  in  Fig.  2.  The  exposed  surface  of  the  tfle  is  Indian 
red  in  color,  while  the  underside  has  a  cement  finish.  The  smallest  desirable  slope  of 
roof  is  a  pitch  of  one-fifth.     Data  for  Federal  cement  tile,  manufactured  by  the  Federal 
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Cement  Tile  Co.,  Chicago,  III.,  are  given  in  Fig.  3,  and  in  the  upper  port  of  ilg.  4. 
Cement  roofing  tile  have  been  very  extensively  used  for  industrial  plants.  The  cement 
tile  have  the  following  advantages:  (a)  are  fire  resisting;  (b)  require  very  simple  roof 
construction;  (c)  require  no  sheathing;  (d)  are  non-conductors;  (e)  may  be  erected 
rapidly;  (f)  the  first  cost  is  low  for  a  permanent  type  of  roof;  (g)  maintenance  is  low. 
Skylights  are  made  by  means  of  wire  glass  inserts  as  described  in  Fig.  2. 


Fia.  2,    Data  fob  "Bonamza  Tile." 
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GyitBUtn  Roofing  Hie. — Gypsum  roofing  tile  made  by  the  United  States  Gypsum 
Company,  Chicago,  are  sold  under  the  trade  name  of  Pyrobar  gypsum  roof  tile.  The 
tile  are  12  in.  wide  and  30  in.  long,  and  weigh  13  lb.  per  sq.  ft.  Data  taken  from  the 
catalog  for  rafters  and  purlins  for  Pyrobar  gypsum  roof  tile  are  given  in  the  lower  part 
of  Fig.  4.  Gypsum  roof  tile  have  recently  been  used  on  buildings  for  the  Navy  De- 
partment at  Norfolk,  Va.     The  following  advantages  of  gypsum  roof  slabs  were  given 
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by  L.  M.  Cox,  U.  S.  N.,  Engineering  News,  Jan.  25,  1917:  (a)  Light  weight;  (b)  rapid 
construction;  (c)  roof  slab  is  non-conductor  and  non-condensing;  (d)  is  fire  resisting; 
(e)  shows  few  cracks;  (f)  low  cost  of  maintenance.  Gypsum  roofing  tile  are  made  by 
several  firms,  and  are  also  made  at  the  building  site.  Gypsum  slabs  should  always  be 
covered  with  a  roof  covering. 

TIN  ROOFS. — ^Tin  plates  are  made  by  coating  flat  iron  or  steel  sheets  with  tin  or 
with  a  mixture  of  lead  and  tin.  The  former  is  called  "  bright  "  tin  plate  and  the  latter 
"  terne  "  plate.  "  Terne  "  plates  should  not  be  used  where  the  roof  will  be  subjected 
to  the  action  of  corrosive  gases,  for  the  reason  that  the  lead  coating  is  rapidly  destroyed. 
Plates  are  covered  with  tin  (1)  by  the  dipping  process,  in  which  plates  are  pickled  in 
dilute  sulphuric  acid,  annealed,  again  pickled,  dipped  in  palm  oil  and  then  in  a  bath  of 
molten  tin  or  tin  and  lead;  or  (2)  by  the  roller  process,  in  which  the  plates  are  dipped 
in  the  tin  bath  and  are  immediately  run  through  rolls  working  in  a  large  vessel  contain- 
ing oil.    The  latter  method  gives  the  better  results. 

Two  sizes  of  tin  plates  are  in  common  use;  14  X  20  in.  and  20  X  28  in.,  the  latter 
size  being  most  used.  Tin  plates  are  made  in  several  thicknesses,  the  IC,  or  No.  29 
gage,  weighing  8  oz.  to  the  sq.  ft.  and  the  IX,  or  No.  27  gage,  weighing  10  oz.  to  the  sq. 
ft.  being  the  most  used.  The  weight  of  a  box  of  112  plates  of  14  X  20  in.  size  will  vary 
from  107  to  112  lb.  for  IC  tin  plate,  and  from  153  to  161  lb.  for  IX  tin  plate. 

The  value  of  tin  roofing  depends  upon  the  amount  of  tin  used  in  coating  and  the 
uniformity  with  which  the  iron  has  been  coated.  The  amount  of  tin  used  in  coating 
112  plates  20  X  28  in.  size,  varies  from  8  to  40  lb.  The  Navv  Department  specifies 
that  5  lb.  of  tin  shall  be  used  per  112  plates  of  14  X  20  in.  size.  The  Navy  Department 
specification  for  "  terne  "  plate  requires  a  mixture  of  20  per  cent  of  pure  tin  and  80 
per  cent  of  pure  lead,  the  coating  to  be  thoroughly  amalgamated  with  the  black  plate 
by  the  palm  oil  process.  The  amount  of  tin  and  lead  coating  for  112  plates  of  20  X  28 
in.  size  is  40  lb. 

Tin  roofing  is  laid  (1)  with  a  flat  seam,  or  (2)  with  a  standing  seam.  In  the  former 
method  the  sheets  of  tin  are  locked  into  each  other  at  the  edges,  the  seam  is  flattened 
and  fastened  with  tin  cleats  or  is  nailed  firmly  and  is  soldered  water  tight.  Rosin  is 
the  best  flux  for  soldering,  although  some  tinners  recommend  the  use  of  diluted  chloride 
of  zinc.  For  flat  roofs  the  tin  should  be  locked  and  soldered  at  all  joints,  and  should 
be  secured  by  tin  cleats  and  not  by  nails.  For  steep  roofs  the  tin  is  commonly  put  on 
with  standing  seams,  not  soldered,  running  with  the  pitch  of  the  roof,  and  with  cross- 
seams  double  locked  and  soldered.  One  or  two  layers  of  tar  paper  should  be  placed 
between  the  sheathing  and  the  tin. 

The  under  side  of  the  sheets  should  be  painted  before  laying.  Tin  roofs  should  be 
painted  every  two  or  three  years.  If  kept  well  painted  a  tin  roof  should  last  25  to  30 
years. 

For  flat  seam  roofing,  using  i  in.  locks,  a  box  of  14  X  20  tin  will  cover  192  sq.  ft., 
and  for  standing  seam,  using  |  in.  locks  and  turning  l\  and  1 J  in.  edges,  making  1  in. 
standing  seams,  it  will  lay  168  sq.  ft.  For  flat  seam  roofing,  using  ^  in.  locks,  a  box 
of  20  X  28  tin  will  lay  about  399  sq.  ft.,  and  for  standing  seam,  with  |-in.  locks  and  turn- 
ing 1^  and  1^  in  edges,  making  1  in.  standing  seams,  it  will  lay  about  365  sq.  ft. 

SHEET  STEEL  ROOFING.— Sheet  steel  roofing  is  sold  in  sheets  28  in,  wide  and 
from  4  to  12  ft.  long,  or  in  rolls  26  in.  wide  and  about  50  ft.  long.     It  is  commonly  laid 
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with  vertical  standing  seams  and  horizontal  flat  Beams;  tin  cleats  from  12  to  15  in.  apart 
being  nailed  to  the  plank  sheathing  and  locked  into  the  seams.  Sheet  steel  plates  are 
also  made  with  standing  crimped  seams  near  the  edges,  which  are  nailed  to  V-ebaped 
sticks;  the  horizontal  seams  being  made  by  lapping  about  6  in. 

Care  should  be  used  in  laying  sheet  steel  roofing  to  see  that  it  does  not  come  in 
contact  with  materials  containing  acids,  and  it  should  be  kept  well  painted.     The  weight 
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of  flat  Bteel  of  different  gages  is  given  in  Table  I,  Chapter  XXVIII.  Nos.  26  and  28 
gage  sheets  are  commonly  used  for  sheet  steel  roofing.  Sheet  steel  roofing  can  be  laid 
at  a  somewhat  less  cost  than  tin  roofing. 

TAR  AND  GRAVEL  ROOFING.— Tar  and  gravel  roofing,  Fig.  2,  is  made  by  laying 
several  layers  of  roofing  felt  on  sheathing  so  as  to  break  joints;  the  laps  are  mopped  and 
cemented  together  with  roofing  tar  or  pitch  and  the  entire  surface  is  covered  with  a 
coating  of  hot  tar  or  pitch. .  While  the  tar  roofing  pitch  is  still  hot,  the  surface  of  the 
roof  is  covered  with  a  layer  of  clean  gravel  that  has  been  screened  through  a  f  in.  mesh. 
The  number  of  layers  of  felt  varies  with  conditions,  but  should  never  be  less  than  4 
(4-ply).  Tar  and  gravel  roofs  should  not  be  laid  on  roofs  with  a  pitch  greater  than 
3  in.  in  12  in.  The  best  results  with  roofs  of  this  type  are  obtained  with  a  slope  of  1  in. 
in  12  in. 

Gravel  roofing  under  ordinary  conditions  will  last  for  from  10  to  15  years.  With 
careful  attention  it  can  be  made  to  last  longer  and  has  been  known  to  last  30  years. 

The  author's  specifications  for  tar  and  gravel  roofing  on  plank  sheathing  and  on 
concrete  sheathing  are  as  follows: 

Specifications  for  Five-Ply  Tar  and  Gravel  Roof  on  Timber  Sheathing. — ^The  materials 
used  in  making  the  roof  are  1  (one)  thickness  of  sheathing  paper  or  unsaturated  felt,  5  (five)  thick- 
nesses of  saturated  felt  weighing  not  less  than  15  (fifteen)  lb.  per  square  of  one  hundred  (100) 
sq.  ft.,  single  thickness,  and  not  less  than  one  hundred  and  fift^'  (150)  lb.  of  pitch,  and  not  less 
than  four  hundred  (400)  lb.  of  gravel  or  three  hundred  (300)  lb.  of  slag  from  i  to  f  in.  in  size,  free 
from  dirt,  per  square  of  one  hundred  (100)  sq.  ft.  of  completed  roof. 

The  material  shall  be  applied  as  follows:  First,  lay  the  ^eathing  or  unsaturated  felt,  lapping 
each  sheet  one  in.  over  the  preceding  one.  Second,  lay  two  (2)  thicknesses  of  tarred  felt,  lapping 
each  sheet  seventeen  (17)  in.  over  the  preceding  ohe.  nailing  as  often  as  may  be  necessary  to  nolo 
the  sheets  in  place  until  the  remaining  felt  is  applied.    Third,  coat  the  entire  surface  of  this  two- 

{)ly  layer  with  hot  pitch,  mopping  on  uniformly.  Fourth,  apply  three  (3)  thicknesses  of  felt, 
apping  each  sheet  twenty-two  (22)  in.  over  the  preceding  one,  mopping  with  hot  pitch  the  full 
width  of  the  22  in.  between  the  plies,  so  that  in  no  case  shall  felt  touch  felt.  Such  nailing  as  is 
necessary  shall  be  done  so  that  all  nails  will  be  covered  by  not  less  than  two  plies  of  felt.  Fifth, 
spread  over  the  entire  surface  of  the  roof  a  uniform  coating  of  pitch,  into  which,  while  hot,  imbed 
the  gravel  or  slag.    The  gravel  or  slag  in  all  cases  must  be  diy. 

Specifications  for  Five-Ply  Tar  and  Gravel  Roof  on  Concrete  Sheathing. — ^The  materials 
used  shall  be  the  same  as  for  tar  and  gravel  roof  on  timber  sheathing,  except  that  the  one  thick- 
ness of  sheathinj;  paper  or  unsaturated  felt  may  be  omitted. 

The  matenals  shall  be  applied  as  follows:  First,  coat  the  concrete  with  hot  pitch,  mopped 
on  uniformly.  Second,  lay  two  (2)  thicknesses  of  tarred  felt,  lapping  each  sheet  seventeen  (17) 
in.  over  the  preceding  one,  and  mop  with  hot  pitch  the  full  widtn  of  the  17-in.  lap,  so  that  in  no 
case  shall  felt  touch  felt.  Third,  coat  the  entire  surface  with  hot  pitch,  mopped  on  uniformly. 
Fourth,  lay  three  (3)  thicknesses  of  felt,  lapping  each  sheet  twenty-two  (22)  in.  over  the  preceding 
one.  mopping  with  hot  pitch  the  full  width  of  the  22-in.  lap  between  the  plies,  so  that  in  no  case 
shall  felt  touch  felt.  Fifth,  spread  the  entire  surface  of  tne  roof  with  a  uniform  coat  of  pitch 
into  which,  while  hot,  imbed  gravel  or  slag. 

Barrett  Specification  Roof. — The  Barrett  Company  has  prepared  stanaara 
specifications  for  tar  and  gravel  roofs.  When  tar  and  gravel  roofs  are  put  on  according 
to  the  Barrett  specifications,  using  Barrett  specification  tarred  felt  and  waterproofing 
materials,  by  approved  contractors,  the  Barrett  Company  will  give  a  guaranty  bond 
under  certain  conditions.  The  following  is  an  abstract  of  the  Barrett  specifications  for 
&-ply  tar  and  gravel  roofing  on  plank  sheathing.  The  slope  of  the  roof  shall  not  exceed 
2  in.  in  12  in.  The  roof  deck  shall  be  of  seasoned  lumber,  smooth  and  free  from  cracks, 
knot-holes  and  loose  material.     The  roof  deck  shall  be  properly  graded  to  outlets. 

First. — Lay  one  thickness  of  sheathing  paper  weighing  not  less  than  5  lb.  per 
square,  lapping  sheets  1  in. 
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Second. — Lay  two  plies  of  specification  tarred  felt,  lapping  each  sheet  17  in.  over 
preceding  one,  and  nail  as  often  as  is  necessary. 

Third. — Coat  the  entire  surface  uniformly  with  specification  pitch. 

Fourth. — Over  the  entire  surface  lay  three  plies  of  specificatfon  tlirred  felt,  lapping 
each  sheet  22  in.  over  preceding  one,  and  mopping  with  pitch  the  full  22  in.  on  each 
sheet,  so  that  in  no  place  shall  felt  touch  felt.  All  nails  shall  be  covered  by  not  less  than 
2  plies  of  felt. 

Fifth. — Cover  the  entire  surface  with  a  uniform  coat  of  specification  pitch,  into 
which,  while  hot,  imbed  not  less  than  400  lb.  of  gravel  or  300  lb.  of  slag  per  100  sq.  ft. 
The  gravel  or  slag  shall  be  from  |  to  |  in.  in  size,  dry  and  free  from  dirt.  Felt  shall  be 
laid  without  wrinkles  or  buckles.  Not  less  than  150  lb.  of  pitch  shall  be  used  in  con- 
structing each  100  sq.  ft.  of  completed  roof.     The  pitch  shall  not  be  heated  above  400**  F. 

The  Barrett  Company  has  also  prepared  specifications  for  4-ply  tar  and  gravel 
roofing,  where  the  inclination  of  the  roof  does  not  exceed  1  in.  in  12  inches. 

SLAG  ROOFING. — Slag  is  sometimes  used  in  the  place  of  gravel  in  making  roofs. 
The  method  of  constructing  the  roof  and  the  specifications  are  essentially  the  same  as 
for  a  gravel  roof. 

ASPHALT  ROOFING. — Asphalt  roofing  is  laid  like  tar  and  gravel  roofing  except 
that  asphalt  is  used  in  the  place  of  tar  or  pitch.  Asphalt  and  gravel  roofs  do  not 
ordinarily  give  as  good  service  as  well  made  tar  and  gravel  roofs. 

FLASHING  OF  TAR  AND  GRAVEL  ROOFS.— The  roofing  should  be  finished 
against  fire  walls,  chimneys,  curbs  and  skylights  by  turning  the  felt  up  4  in.  against  the 
wall.  Over  this  lay  12-in.  strips  of  felt  with  one-half  the  width  on  the  roof.  The  upper 
edge  of  the  strips  should  be  inserted  in  a  groove  in  the  wall,  or  in  a  joint  in  brick  work, 
or  be  fastened  to  wood  with  strips  firmly  nailed.  The  top  edge  of  the  strips  may  be 
covered  with  copper  or  galvanized  flashing  inserted  in  the  wall.  The  strips  should  be 
pressed  into  the  angle  of  the  wall  and  should  be  cemented  together  with  hot  pitch. 
Nail  the  lower  edge  of  the  strips  to  the  plank  sheathing  every  4  or  6  in.  The  flashing  on 
pitch  roofs  should  extend  12  in.  up  the  slope  of  the  roof.  In  flashing  against  a  vertical 
wall  a  bevel  flashing  block  should  be  inserted  in  the  corner  of  the  roof.  Flashing  blocks 
should  be  5  in.  X  5  in.  with  a  slope  of  45*^.  The  roof  felt  should  be  finished  to  the  top 
edge  of  the  flashing  block,  and  the  flashing  strips  should  be  inserted  about  2  in.  into  a 
groove  in  the  wall  at  the  top  of  the  flashing  block  and  extend  to  the  bottom  edge  of  the 
flashing  block.     On  a  concrete  roof  the  bevel  block  may  be  made  of  porous  concrete. 

The  Barrett  Company  furnishes  a  special  pitch  known  as  "  Elastigum  "  for  flashing 
of  tar  and  gravel  roofs.  Standard  details  for  flashing  and  for  roof  drains  may  be  ob- 
tained from  The  Barrett  Company. 

Underwriters'  Laboratories  Classification  of  Roofs. — The  Underwriters'  Labora- 
tories divide  built-up  roofs  laid  on  roofs  with  a  slope  of  not  greater  than  3  in.  in  12  in., 
into  Class  A,  Class  B,  and  Class  C.  Class  A  roofs  are  effective  against  severe  fire  ex- 
posures, Class  B  roofs  are  effective  against  moderate  fire  exposures.  Class  C  roofs  are 
effective  against  light  fire  exposures. 

Class  A  roofs  include  4-  and  5-ply  tar  and  gravel  roofs,  4-  and  5-ply  asphalt  and 
asphalt-saturated  rag-felt  and  gravel  roofs;  4-  and  5-ply  asphalt  and  asphalt-impregnated 
asbestos  felt  roof  coverings,  smooth,  and  asbestos-shingle  roof  coverings,  laid  "  Amer- 
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lean  Method."  Class  B  roofs  include  3-ply  asphalt  ana  aspnaic-saturated  rag-felt  and 
gravel  or  slag,  asphalt  and  asphalt-impregnated  asbestos  felt  roof  coverings,  smooth, 
and  asbestos  shingles,  laid  **  French  Method."  Class  C  roofs  include  asphalt  and 
asphalt-saturated  rag-felt  roof  coverings,  smooth  or  grit  surfaced;  asphalt-rag-felt  pre- 
pared roof  coverings,  and  asphalt-rag-felt  shingle  roof  coverings. 

SHINGLE  ROOFS. — Shingle  roofs  are  now  very  seldom  used  for  mill  buildings. 
Shingles  have  an  average  width  of  4  in.  and  with  4  in.  laid  to  the  weather  900  are  re- 
quired to  lay  one  square  of  roof.  One  thousand  shingles  require  about  5  lb.  of  nails. 
One  man  can  lay  from  1500  to  2000  shingles  in  a  day  of  8  hours. 

Shingles  are  also  made  of  tin,  sheet  steel,  asbestos  and  of  various  compositions. 

FERROINCLAVE.— This  is  a  patented  roofing  made  by  the  Brown  Hoisting 
Machinery  Co.,  Cleveland,  Ohio.  Ferroinclave  roofing  is  made  by  coating  a  special 
crimped  or  corrugated  iron  or  steel  on  both  sides  with  a  mixture  of  Portland  cement  and 
sand,  after  which  it  is  painted  on  the  upper  side.  The  sheets  are  made  of  No.  22  or 
No.  24  sheet  steel,  and  full  sized  sheets  are  20  inches  wide  and  10  ft.  long.  The  steel 
is  crimped  or  corrugated  with  corrugations  about  2  inches  wide  and  ^  in.  deep,  the  width 
of  the  corrugation  on  the  outer  side  being  less  than  on  the  inner  side,  thus  forming  a 
key  to  hold  the  cement  mortar  in  place.  The  sheets  are  laid  in  the  same  manner  as  cor- 
rugated steel,  and  b  coating  of  Portland  cement  mortar,  composed  of  1  part  Portland 
cement  and  2  parts  sand,  is  plastered  on  the  upper  and  lower  surfaces  to  a  thickness  of 
I  in.  above  and  below  the  corrugations,  making  the  total  thickness  of  the  roofing  1^  in. 
The  weight  of  No.  24  sheet  steel  Ferroinclave  is  about  15  lb.  per  square  foot  when 
filled  with  cement  mortar  as  above.  A  test  of  a  sheet  of  Ferroinclave  made  as  above, 
showed  failure  with  a  uniformly  distributed  load  of  300  lb.  per  sq.  ft.  with  supports 
4  ft.  10  in.  apart,  the  cement  having  set  ten  days.  The  cost  of  this  roofing  in  1913  was 
about  $21.00  per  square  complete  in  place  on  the  roof.  The  BrowmHoisting  Machinery 
Co.  has  also  used  Ferroinclave  quite  extensively  for  floors  and  side  walls  of  buildings. 

PREPARED  ROOFINGS.— Prepared  roofings  that  are  ready  to  lay  on  the  roof 
may  be  purchased.  These  roofings  usually  come  in  rolls  that  will  lay  100  sq.  ft.  of 
finished  roofing.  Prepared  roofings  are  made  by  treating  felt  or  burlap  with  some 
preparation  that  will  cement  the  layers  together  and  make  a  waterproof  covering. 
Prepared  roofings  are  commonly  listed  as  one-ply,  two-ply,  three-ply,  etc.  Prepared 
roofings  are  laid  shingle  fashion,  beginning  at  the  foot  of  the  slope  of  the  roof,  the  sheets 
being  lapped  2  in.  to  4  in.    The  joints  are  cemented  and  nailed. 

Prepared  roofings  should  be  laid  on  roofs  with  a  slope  of  J  to  |.  Prepared  roofings 
give  the  best  service  on  pitched  roofs  where  the  tar  and  gravel  roof  is  not  satisfactory. 
A  few  of  the  well  known  prepared  roofings  will  be  described. 

Asbestos  Roofing. — The  ''  Standard  "  asbestos  roofing,  manufactured  by  the 
H.  W.  Johns- Man ville  Co.,  New  York,  is  composed  of  a  strong  canvas  foundation  with 
asbestos  felt  on  the  under  side,  and  saturated  asbestos  felt  on  the  upper  side  finished  with 
a  sheet  of  plain  asbestos;  the  whole  being  cemented  together  with  a  special  cement  and 
compressed  together  into  a  flexible  roofing.  It  does  not  require  painting,  although  it 
is  commonly  painted  with  a  special  paint,  one  gallon  of  which  will  cover  about  150  sq.  ft. 
The  roofing  is  laid  with  a  lap  of  2  in.,  beginning  at  the  lower  edge  of  the  roof  and  running 
parallel  to  the  eaves.    The  laps  are  cemented  and  are  nailed  with  special  roofing  nails 
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and  caps.  The  roofing  is  laid  on  sheathing  and  is  very  easily  and  cheaply  laid.  It  is 
quite  flexible  and  may  be  used  for  flashing  and  for  gutters.  It  is  practically  fireproof 
and  makes  a  very  satisfactory  roof.  Asbestos  roofing  comes  in  rolls  and  weighs  about 
75  lb.  per  square. 

Asbestos  roofing  felts  may  be  purchased  which  are  used  for  roofing  in  one,  two  or 
three-ply,  and  are  laid  in  the  same  way  as  for  gravel  roofing. 

Carey's  Roofing. — Carey's  magnesia  flexible  cement  roofing,  manufactured  by 
the  Philip  Carey  Manufacturing  Company,  Lockland,  Ohio,  is  made  by  putting  a 
layer  of  asphalt  cement  composition  on  a  foundation  of  woolen  felt  and  imbedding  a 
strong  burlap  in  the  upper  surface  of  the  cement.  After  laying,  the  burlap  is  covered 
with  a  tough  elastic  paint  which  when  it  dries  gives  a  surface  similar  to  slate.  The 
roof  is  practically  acid  proof  and  burns  very  slowly.  It  comes  in  rolls  29  in.  wide  and 
containing  sufficient  material  to  lay  one  square  of  roof.  The  roofing  is  m&de  in  two 
weights,  standard  weighing  90  lb.  per  square,  and  extra  heavy  weighing  about  115  lb.  per 
square.  A  special  flap  is  provided  on  one  side  to  cover  the  nail  heads.  The  roofing 
is  very  pliable  and  can  be  used  for  flashing  and  for  gutters.  It  should  be  laid  on  sheath- 
ing and  is  very  easily  and  cheaply  applied.  It  may  be  laid  over  an  old  shingle  or  cor- 
rugated iron  roof. 

Granite  Roofing. — Granite  roofing,  manufactured  by  the  Eastern  Granite  Roofing 
Company,  New  York,  is  a  ready-to-lay  composition  roofing  with  manufactured  quartz 
pebbles  imbedded  in  its  upper  surface.  It  is  a  very  satisfactory  roofing  and  ia  quite 
extensively  used. 

Ruberoid  Roofing. — P.  &  B.  ruberoid  roofing,  manufactured  by  the  Standard 
Paint  Co.,  New  York,  is  quite  extensively  used  and  has  given  good  satisfaction.  The 
following  description  is  taken  from  the  maker's  catalog:  **  No  paper  whatever  is  used 
in  the  manufacture  of  ruberoid  roofing.  It  has  a  foundation  of  the  best  wool  felt, 
except  in  the  case  of  the  ^-ply  grade  which  is  a  combination  of  wool  and  hair.  This  is 
first  saturated  with  the  P.  &  B.  water  and  acid  proof  compound,  and  afterwards  coated 
with  a  hard  solution  of  the  same  material,  thereby  making  the  roofing  at  once  light  in 
weight  as  well  as  strong,  durable  and  elastic.  It  is  thoroughly  acid  and  alkali  proof, 
is  not  affected  by  coal  gas  or  smoke  and  can  be  laid  on  either  pitched  or  flat  roofs,  prov- 
ing equally  effectual  in  both  cases.  Inasmuch  as  it  contains  no  tar  or  asphalt  the  roofing 
is  not  affected  by  extremes  in  temperature." 

Ruberoid  is  made  ^-ply  weighing  22  lb.  per  square;  1-ply  weighing  30  lb.  per  square; 
2-ply  weighing  43  lb.  per  square;  and  3-ply  weighing  51  lb.  per  square.  The  2-ply  and 
the  3-ply  roofing  are  commonly  used  for  factories  and  mills.  The  roofing  is  put  up  in 
rolls  36  in.  wide,  containing  two  squares  (200  sq.  ft.),  with  an  additional  allowance  of 
16  sq.  ft.  for  two-inch  laps  at  the  seams;  sufficient  tacks,  tin  caps  and  cement  are  in- 
cluded with  each  roll. 

EXAMPLES  OF  ROOFS.— For  examples  of  roofs,  see  Chapter  XXV,  Chapter 
XXVI,  and  Chapter  XXX. 


CHAPTER  XXX. 

Side  Walls. 

TTPES  OF  MILL  BUILDINGS.— Steel  mill  buildings  may  be  divided  into  three 
classes  as  follows: — (1)  Steel  frame  mill  buildings  with  light  covering;  (2)  steel  mill 
buildings  with  walls  filled  in  between  the  columns;  and  (3)  mill  buildings  with  masonry 
walls. 

Steel  frame  mill  buildings  may  be  covered  on  the  roof  and  side  walls  with  cor- 
rugated steel,  with  asbestos  covered  corrugated  steel,  or  with  asbestos  corrugated  sheets 
fastened  to  sheathing  or  directly  to  the  purlins  or  girts.  Or  the  side  walls  may  be 
covered  with  expanded  metal  and  plaster,  or  wire  netting  and  plaster,  or  with  ferroin- 
clave  and  plaster  fastened  directly  to  the  girts.  In  buildings  of  this  type  a  brick,  con- 
crete or  tile  wall  should  extend  to  the  window  sills,  and  a  considerable  portion  of  the 
side  walls  should  be  glazed. 

Steel  frame  buildings  may  have  filled  walls  of  brick,  concrete,  stone,  terra  cotta  tile 
or  gypsum  tile.  Or  concrete  pilasters  may  be  built  around  the  columns  and  reinforced 
concrete  slabs  may  be  used  for  the  intervening  side,  walls. 

Mill  buildings  with  steel  trusses  resting  on  self  supporting  walls  may  have  side 
walls  of  brick,  stone  or  concrete  masonry,  or  of  reinforced  concrete. 

Heat  Transmission  of  Side  Walls. — The  transmission  of  heat  through  side  walls  of 
different  materials  in  terms  of  A;,  the  heat  transmission  in  British  Thermal  Units  (b.t.u.) 
per  sc[.  ft.  per  hour,  for  a  difference  of  one  degree  in  temperature  between  inside  and 
outside  temperature  is  as  follows: 

Windows, — Single  windows,  k  =  1.03;  double  windows,  k  =  0.48;  double  glass  on 
single  sash,  k  —  0.72. 

Corrugated  Steel. — Corrugated  steel,  on  total  surface,  k  =  1.13;  on  projected  surface, 
k  =  1.50. 

Wood  Walls, — Matched  and  sealed  wood  walls  2  in.  thick,  k  =  0.46. 

Plaster  and  Wire  Lath. — Partitions  made  of  plaster  and  wire  lath  or  expanded 
metal,  k  =  0.64. 

Brick  WaUs.—Bnck  walls  8  in.  thick,  k  =  0.39;  12  in.  walls,  k  =  0.31;  16  in.  walls, 
k  =  0.26. 

Concrete  Walls. — Solid  concrete  walls  4  in.  thick,  k  =  0.62;  8  in.  thick,  k  =  0.50; 
12  in.  thick,  k  =  0.42. 

Terra  Cotta  Walls. — Hollow  terra  cotta  4  in.  thick,  k  =  0.42;  6  in.  thick,  k  =  0.36; 
8  in.  thick,  k  =  0.32. 

For  wind  exposure  add  about  25  per  cent  to  the  above  values.  The  above  walls 
must  be  tight  so  that  no  air  will  get  through  the  cracks. 

Corrugated  Steel  Side  Walls. — The  methods  of  fastening  corrugated  steel  to  the 
sides  of  buildings  are  the  same  as  on  the  roof  and  are  described  in  detail  in  Chapter 
XVIII.  Where  warmth  is  desired,  buildings  covered  with  corrugated  steel  are  often 
lined  with  No.  24  corrugated  steel  with  l}-inch  corrugations.    Where  this  lining  is 
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used  spiking  pieces  should  be  bolted  to  the  ^rte  and  intermediate  epikiDg  pieces  shmild 
be  placed  between  the  girts  to  which  to  nail  the  liningL  If  this  is  not  done  the  corrugated 
steel  will  gape  open  for  the  reason  that  it  is  impossible  to  rivet  the  side  laps  of  the  lining. 
Where  anti-condensation  lining  is  used  on  the  sides  it  is  made  the  same  as  on  the  roof, 
except  that  the  girts  should  always  be  placed  not  more  than  one-half  the  usual  distance. 
The  clinch-nnil  fastening  is  the  best  method  for  fastening  the  corrugated  steel  where 
the  anti -condensation  lining  is  used. 

Asbestos  Protected  CorrugaUd  Steel. — Corrugated  steel  sheets  are  coated  on  both 
sides  with  a  layer  of  asphalt,  a  layer  of  asbestos,  and  a  layer  of  waterproofing  material. 
Asbestos  protected  corrugated  steel  has  the  same  widths  and  lengths  as  standard  cor- 
rugated steel,  and  is  laid  in  the  same  manner.  The  roofing  is  not  affected  by  acid  fumes 
and  is  used  in  the  construction  of  acid  plants  and  similar  structures.  Unless  the  con- 
nections  are  specially  treated  the  steel  will  corrode  around  the  holes  made  by  punching 
the  sheet  steel  for  the  rivets,  and  the  sheets  will  drop  off  the  sides  of  the  building.  The 
steel  used  in  commercial  asbestos  protected  corrugated  steel  is  much  thinner  than  plain 
or  corrugated  steel.  For  mine  and  smelter  structures  asbestos  protected  corrugated 
steel  does  not  give  more  satisfactory  results  than  may  be  obtained  at  a  less  cost  by  coat- 
ing No.  18  plain  corrugated  steel  sheets  with  a  tar  paint  after  erection. 

Asbestos  Corrugated  Sheathing. — Asbestos  corrugated  sheathing  is  made  by  mixiDg 
asbestos  fiber  with  Portland  cement  and  with  sufficient  water.  The  sheets  are  formed 
by  hydraulic  pressure.  Asbestos  corrugated  sheets  are  27i  in.  wide  with  corrugations 
2}  in.  wide  and  1  in.  deep  and  3/16  in.  thick.  Asbestos  sheathing  may  be  obtained  from 
4  ft.  to  10  ft.  in  length.  Asbestos  sheathing  is  not  affected  by  acid  fumes  and  is  a  non- 
conductor of  heat.  The  sheets  are  laid  in  the  same  manner  as  corrugated  steel  sheets, 
except  that  the  clips  should  be  non-corrosive. 

Expanded  Metal  and  Plaster. — The  methods  of  making  walls  of  expanded  metal 
and  plaster  are  shown  in  Fig.  1,  which  shows  details  of  the  construction  of  the  soap 
buildings  of  W.  H.  Walker,  Pittsburgh,  Pa.  These  buildings  were  constructed  as  follows: 


Fig.  1.    Cross-section  of  Steel  BniLDraa  Covered  wttb  Expanded  Metal  ai 
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The  buildings  were  made  with  a  self-supporting  steel  frame,  all  connections  except 
those  f6r  the  purlins  and  girts  being  riveted.  Inaccessible  surfaces  were  painted  with 
red  lead  and  linseed  oil  before  erection,  and  the  entire  framework  was  painted  two  coats 
of  graphite  paint  after  erection.  The  trusses  are  spaced  from  14  to  18  ft.  and  carry  6, 
7  and  8-in.  channel  puiiins.  The  purlins  are  spaced  from  6  to  7  ft.  apart  and  carry  roof 
slabs  2^  to  3  in.  thick  made  of  expanded  metal  and  concrete.  The  expanded  metal  is 
made  from  No.  16  B.  W.  G.  steel  plate  with  4-in.  mesh,  and  the  concrete  is  composed  of 

1  part  Portland  cement,  2  parts  sand  and  4  parts  screened  furnace  cinders.  The  roof 
slabs  are  covered  with  10  X  12-in.  slate  nailed  directly  to  the  concrete,  and  are  plastered 
smooth  on  the  under  side.  The  side  walls  were  made  by  fastening  f-in.  channels  at 
12-in.  centers  to  the  steel  framing,  and  covering  this  framework  with  expanded  metal 
wired  on.  The  expanded  metal  was  then  covered  on  the  outside  with  a  coating  of 
cement  mortar  composed  of  1  part  Portland  cement  and  2  parts  sand  and  on  the  inside 
with  a  gypsum  plaster,  making  a  wall  about  2  inches  thick.  The  ground  floors  were 
made  by  covering  the  surface  with  a  6-in.  layer  of  cinders  in  which  were  imbedded 

2  X  4-in.  white  pine  nailing  strips  16  in.  apart,  and  on  these  strips  was  laid  a  floor  of 
tongued  and  grooved  maple  boards  1|  in.  thick  and  2^  in.  wide.  The  upper  floors  are 
made  of  concrete  slabs  reinforced  with  expanded  metal,  and  supported  on  beams 
spaced  4  to  15  ft.  apart.  Where  the  spans  exceed  7  ft.  suspension  bars  7  in.  X  f  in. 
were  placed  3  ft.  apart  and  were  bent  around  the  flanges  of  the  beams.  The  concrete 
filling  was  composed  of  1  part  Portland  cement,  2  parts  sand  and  6  parts  cinders. 

The  Northwestern  Expanded  Metal  Co.  recommends  that  the  first  coat  of  the 
plaster  used  for  curtain  walls  be  composed  of  two  parts  lime  paste,  1  part  Portland 
cement  and  3  parts  sand,  and  that  the  wall  be  finished  with  a  smooth  coat  composed  of 
1  part  Portland  cement  and  2  parts  sand. 

For  coating  on  wire  lath  the  following  has  been  found  to  give  satisfactory  results  in 
Chicago  and  vicinity:  For  the  first  coat  use  a  mortar  composed  of  1  part  Portland  cement 
and  2  parts  ordinary  lime  mortar.  The  lime  should  be  very  thoroughly  slaked  before 
using  as  the  presence  of  any  free  lime  will  injure  the  wall.  After  the  first  coat  has 
hardened  it  is  thoroughly  soaked  and  a  finishing  coat  composed  of  1  part  Portland 
cement,  2  parts  sand  and  a  small  quantity  of  slaked  lime  is  applied  and  rubbed  smooth. 

A  method  of  plastering  curtain  walls  is  described  by  Mr.  George  Hill  in  the  Transac- 
tions of  the  American  Society  of  Civil  Engineers,  Vol.  29,  as  follows:  "  The  external 
curtain  walls  were  composed  of  hard  plaster,  Portland  cement  and  sand  in  equal  parts, 
the  scratch  coat  being  applied  to  uncoated  metallic  lath,  making  the  thickness  of  the 
scratch  coat  about  1  in.;  then  a  surfacing  of  Portland  cement  ^-in.  thick  was  applied 
on  each  side  making  the  curtain  walls  a  total  thickness  of  2  in.  Good  results  were 
obtained  in  every  case  except  one,  where  the  scratch  coat  was  alternately  frozen  and 
thawed  several  times,  and  the  outer  surfacing  of  the  wall  peeled  off  in  patches." 

The  Northwestern  Expanded  Metal  Co.  does  not  recommend  the  use  of  hard  or 
patent  plasters  for  curtain  walls. 

In  the  standard  specifications  for  Portland  cement  stucco  given  in  Proceedings 
American  Concrete  Institute,  Vol.  XVI,  1920,  all  coats  are  required  to  be  of  mortar 
made  by  mixing  3  cu.  ft.  of  coarse  sand  with  one  sack  of  Portland  cement.  If  hydrated 
lime  is  used,  it  shall  not  be  in  excess  of  20  per  cent  of  the  volume  of  the  cement.  The 
second  coat  should  be  applied  on  the  day  following  the  scratch  coat.    The  finish  coat 
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should  be  applied  not  more  than  one  week  after  the  first  coat.     The  use  of  hydrated 
lime  makes  the  stucco  more  easily  applied  and  reduces  the  cost  of  the  wall. 

Curtain  walls  are  made  of  wire  lath  and  plaster  in  the  same  way  as  expanded  metal 
and  plaster  and  have  all  the  advantages  of  the  latter. 

Expanded  metal  is  made  with  ribs  or  corrugations  that  n^iike  the  reinforcement 
self-supporting,  so  that  channel  or  angle  framework  is  not  necessary.  Where  expanded 
metal  with  ribs  is  used  for  roof  slabs,  the  lower  side  of  the  expanded  metal  is  first  plas- 
tered, and  after  this  coat  has  set  the  concrete  is  placed  on  top  of  the  expanded  metal, 
no  forms  being  required. 

The  special  corrugated  steel  known  as  "  Ferroindave  "  may  be  used  for  side  walls 
and  roof  sheathing;  for  details  see  Chapter  XXIX. 

Expanded  metal  and  plaster  curtain  walls  are  light,  strong  and  efficient.  They 
do  not  require  the  heavy  foundations  required  by  brick  and  stone  walls  and  are  fireproof. 
They  can  be  used  to  advantage  where  it  is  desirable  to  have  a  large  glass  area  in  the 
sides  of  buildings.  This  type  of  construction  is  almost  ideal  for  factory  construction. 
There  are  quite  a  number  of  different  systems  but  the  methods  of  construction  are 
essentially  the  same  in  all. 

Pressed  Steel  Sections. — Steel  I-beams,  channels  and  angles  made  by  pressing 
rolled  steel  sheets  are  used  for  the  framework  of  walls,  roofs  and  floors  of  industrial 
buildings.  For  details  of  pressed  steel  sections  and  details  of  construction,  see  **  Hand- 
book of  Steel  Lumber,"  The  National  Pressed  Steel  Co.,  Massilon,  Ohio,  and  "Berloy," 
the  Berger  Manufacturing  Co.,  Canton,  Ohio. 

Masonry  Filled  Walls. — The  walls  between  the  columns  may  be  made  of  brick, 
of  concrete,  of  terra  cotta  tile  or  gypsum  tile.  The  foundation  and  lower  courses  of  a 
wall  of  brick  or  tile  should  consist  of  hard  burned  brick  or  tile  laid  in  Portland  cement 
mortar,  or  may  b^  made  of  concrete.  The  footing  course  should  extend  below  the 
frost  line  and  should  have  ample  bearing  area.  For  single  story  buildings  brick  or 
tile  walls  should  be  not  less  than  13  in.  thick,  and  reinforced  concrete  walls  should  not 
be  less  than  8  in.  thick.     Tile  walls  should  be  stuccoed  on  both  sides. 

Masonry  Walls. — Where  the  outside  walls  of  factory  buildings  support  the  roof 
trusses  the  walls  should  not  be  less  than  16  in.  for  heights  of  25  ft.  or  less,  20  in.  for 
heights  of  over  25  ft.  and  less  than  50  ft.,  24  in.  for  heights  of  over  50  ft.  and  less  than 
75  ft.  The  thickness  of  the  wall  under  heavy  trusses  or  under  the  ends  of  crane  girders 
should  be  increased  in  thickness  by  pilasters  of  the  depth  required  to  give  the  required 
bearing  area.  Brick  should  be  laid  in  Portland  cement  mortar  with  push  or  full  bedded 
joints.  The  brick  wall  should  be  bonded  together  by  headers  every  fifth  course,  or  by 
some  other  effective  bond. 

The  minimum  thickness  of  curtain  walls  in  steel  skeleton  buildings  should  be  12  in. 
for  brick  or  concrete  and  8  in.  for  reinforced  concrete. 

Schneider's  *'  Specifications  for  Structural  Steel "  give  the  following  empirical 
rule  for  calculating  the  thickness  of  walls  in  buildings  several  stories  in  height. 

"  The  minimum  thickness  of  walls  will  be  given  by  the  formula 

where  t  =  minimum  thickness  of  wall  in  inches,  L  =  unsupported  length  in  feet,  which 
shall  be  assumed  as  not  less  than  24  ft.;  and  ffi,  Htj  Hz,  etc.  the  heights  of  stories  in 
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feet  beginning  at  the  top.     Cellar  walla  are  to  be  4  in.  thicker  than  the  first  story  walla." 
For  the  thickness  of  walls  for  walls  for  office  buildings,  see  the  author's  "  Structural 
Engineers'  Handbook." 

Compsiisoa  of  Cuitaia  Walts  for  Factorj  Buildings. — The  difierent  types  of  curtain 
walls  for  factory  buildings  were  diacusaed  by  several  prominent  mill  engineers  in  En- 
gineering Record,  April  S,  1911.  The  most  satiafactory  curtain  wall  was  decided  to  be 
a  brick  wall  from  9  in.  to  13  in.  thick.  Concrete  walls  8  in.  thick  gave  satisfactory 
results  but  cost  about  10  per  cent  more  than  a  13  in.  brick  wall.  Tile  walls  8  in.  to  12 
in.  thick  gave  satisfactory  results  but  cost  more  than  the  brick  wall.  The  brick  walls 
are  not  only  cheaper  but  give  a  better  appearing  building  than  any  of  the  other  types  of 
curtain  walls  discussed. 
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FiQ.  2.    Enginberinq  Laboratory  BuiLDma,  University  of  Colorado. 

Examples. — The  engineering  laboratory  building  at  the  University  of  Colorado  ia 
shown  in  Fig.  2.  The  two-story  section  has  brick  walla  13  in.  thick  in  the  front,  and 
17  in.  thick  in  the  first  story  of  the  rear.  The  outside  walls  of  the  saw  tooth  sections 
are  13  in.  thick.  The  two-story  section  has  Ludowici  tile  roofing  on  reinforced  gypsum 
blocks,  while  the  aaw  tooth  sections  have  a  composition  roof  on  gypsum  slabs.  The 
windows  all  have  steel  sash  with  lights  14  in,  by  20  in.  The  inner  surface  of  all  brick 
walla  is  painted  white  in  the  saw  tooth  sections,  and  are  plastered  in  the  two-story  sec- 
tion.    The  partitions  in  the  two-story  section  are  made  of  expanded  metal  and  plaster. 

The  shop  with  modified  saw  tooth  roof  shown  in  Fig.  2,  Chapter  XXVI,  has  brick 
exterior  curtain  walls  12  in.  thick  with  pilasters  24  in.  by  20  in.  placed  under  the  ends 
of  the  trusses.     The  intermediate  curtain  walls  are  12  in.  brick  walls. 
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The  machine  shop  for  the  U.  S.  Government  powder  plant  at  Nitro,  W.  Va.,  shown 
in  Fig.  10,  Chapter  XXVI,  has  8  in.  brick  curtain  walls  4  ft.  high,  and  the  remainder  of 
the  side  covering  is  corrugated  steel. 

The.  machine  shop  for  the  Brooklyn  Navy  Yard,  shown  in  Fig.  11,  Chapter  XXVI, 
has  13  in.  brick  curtain  walls  to  a  height  of  4  ft.,  while  the  remainder  of  the  sides  are 
covered  with  glazed  sash. 

The  locomotive  shop  of  the  A.  T.  &  S.  F.  R.  R.  shown  in  Figs.  12,  13  and  14, 
Chapter  XXVI,  has  13  in.  brick  curtain  walls. 


CHAPTER  XXXI. 
Foundations. 

Introdttction. — The  design  of  the  foundations  for  mill  buildings  is  ordinarily  a 
simple  matter  for  the  reason  that  the  buildings  are  usually  located  on  solid  ground  and 
the  loads  on  the  columns  are  small.  Where  the  soil  is  treacherous  or  when  an  attempt 
is  made  to  fix  the  columns  at  the  base  the  problem  may,  however,  become  quite  com- 
plicated. 

BEARING  POW£R  OF  SOILS.— The  bearing  power  of  a  sofl  depends  upon  the 
character  of  the  soil,  its  freedom  from  water,  and  its  lateral  support.  The  downward 
pressure  of  the  surrounding  soil  prevents  lateral  displacement  of  the  material  under  the 
foundation  and  adds  materially  to  the  bearing  power  of  treacherous  soils. 

A  soil  incapable  of  supporting  the  required  loads  may  have  its  supporting  power 
increased  (1)  by  increasing  the  depth  of  the  foundation;  (2)  by  draining  the  site;  (3) 
by  compacting  the  soil;  (4)  by  adding  a  layer  of  sand  or  gravel;  (5)  by  using  timber 
grillage  to  increase  the  bearing  area;  (6)  by  driving  piles  through  the  soft  stratum, 
or  far  enough  into  it  to  support  the  loads. 

A  method  used  in  France  for  compacting  foundations  is  to  drive  holes  with  a  heavy 
metal  plunger  and  then  fill  these  hol«s  with  closely  rammed  sand  or  gravel. 

When  foundations  are  placed  on  solid  rock,  the  surface  of  the  rock  should  be  care- 
fully cleaned  of  loose  and  rotten  rock  and  roughly  brought  to  a  surface  as  nearly  per- 
pendicular to  the  direction  of  the  pressure  as  practicable.  A  layer  of  cement  mortar 
placed  directly  on  the  rock  surface  will  assist  in  bonding  the  foundations  and  the  footing 
together. 

When  foundations  are  placed  on  sand,  gravel  or  clay  it  is  usually  only  necessary 
to  dig  a  trench  and  start  the  foundation  below  frost.  If  the  soil  is  somewhat  yielding 
or  if  the  load  is  heavy  the  foundation  should  be  carried  to  a' greater  depth  or  the  footings 
should  be  made  wider  than  for  greater  depths  or  the  bearing  power  should  be  increased 
by  driving  piles. 

Pressure  on  Foundations. — The  following  allowable  pressures  may  be  used  in  the 
absence  of  definite  data.  No  important  structure  should  be  built  without  the  making  of 
careful  tests  of  the  bearing  power  of  the  soil  upon  which  it  is  to  rest. 

The  loads  on  foundations  should  not  exceed  the  following  in  tons  per  square  foot: 

Ordinary  clay  and  dry  sand  mixed  with  clay 2 

Dry  sand  and  dry  clay 3 

Hard  clay  and  firm,  coarse  sand 4 

Firm,  coarse  sand  and  gravel 5 

Shale  rock 8 

Hard  rock '. ,  20 

For  all  soils  inferior  to  the  above,  such  as  loam,  etc.,  never  more  than  one  ton  per  square 
foot. 
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Pressure  on  Masonry. — The  allowable  stresses  in  masonry  and  pressures  of  beams, 
girders,  column  bases,  etc.  on  masonry  as  given  in  Table  I  represent  good  practice. 

TABLE  I. 
Allowable  Stresses  in  Masonry  and  Pressures  of  Bearing  Plates. 


Kind  of  Masonry. 

Safe  Stresses  in 

Masonry.  Lb.  per 

Sq.  In. 

Safe  Pressures  of  Wall         , 
Plates  and  Columns  on 
Masonry,  Lb.  per  Sq.  In. 

Common  Brick,  Portland  Cement  Mortar 

Hard  burned  brick,  Portland  Cement  Mortar 

Rubble  Masonry,  Portland  Cement  Mortar 

First  Class  Masonry,  Sandstone 

170 
210 
170 
280 
400 
300 
400 
400 
300 

250 
300 
250 

600     . 

500 
600 
600 
400 

First  Class  Masonry,  Crystallized  Sandstone 

First  Class  Masonry.  Limestone 

First  Class  Masonry,  Granite 

Portland  Cement  Concrete,  1-2—4. 

Portland  Cement  Concrete,  1-3-5 

Bearing  Power  of  Piles. — Probably  no  subject  has  been  more  freely  discussed  and 
with  more  conflicting  views  and  opinions  than  has  the  safe  bearing  power  of  piles.  The 
safe  load  to  put  on  a  pile  in  any  particular  case  is  dependent  upon  so  many  conditions 
that  any  formula  for  the  safe  bearing  power  is  necessarily  simply  an  aid  to  the  judgment 
of  the  engineer,  and  not  an  infallible  rule  to  be  blindly  followed.  All  formulas  for  the 
bearing  power  of  piles  determine  the  safe  bearing  power  from  the  weight  of  the  hammer, 
the  length  of  free  fall  of  the  hammer,  and  the  penetration  of  the  pile.  The  penetration 
of  the  pile  for  any  blow  of  the  hammer  depends  on  the  condition  of  the  head  of  the  pile, 
upon  whether  the  pile  is  driving  straight,  and  upon  the  rigidity  of  the  pile.  The  penetra- 
tion of  a  slim,  limber  pile  with  a  broomed  head  is  very  misleading,  and  any  formula 
will  give  values  too  large. 

The  Engineering  News  formula  for  the  safe  bearing  power  of  piles  is  most  used  and 
is  the  most  reliable.     It  is 

'^•'  (1) 


P  = 


8  +  1 


where  P  =  safe  load  on  pile  in  tons; 
W  =  weight  of  hammer  in  tons; 
h  =  distance  of  free  fall  of  the  hammer  in  feet; 
8  =  penetration  of  the  pile  for  the  last  blow  in  inches. 

If  the  pile  is  driven  with  a  steam  hammer  the  factor  unity  in  the  denominator  is 
changed  to  one-tenth.  This  formula  is  supposed  to  give  a  factor  of  safety  of  about  6, 
and  has  been  shown  by  actual  use  to  give  values  that  are  safe. 

Where  piles  are  to  be  driven  through  gravel  or  very  hard  ground  the  lower  ends  are 
often  protected  with  cast  iron  or  steel  points.  The  value  of  these  points  is  questionable 
and  most  engineers  now  prefer  to  drive  piles  without  their  use,  simply  making  a  very 
blunt  point  on  the  pile.  In  driving  piles,  care  must  be  used  where  small  penetrations 
are  obtained  not  to  smash  or  shiver  the  pile.  The  maximum  load  carried  by  a  pile 
should  not  exceed  40,000  lb.  Piles  should  be  driven  not  less  than  10  ft.  in  hard  material, 
nor  less  than  15  ft.  in  soft  material  if  the  pile  is  to  be  loaded  to  full  bearing. 
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Piles  are  usually  driven  at  about  3-ft.  centers  over  the  bottom  of  the  foundation. 
After  the  piles  are  driven  they  are  sawed  off  below  the  water  level,  and  (1)  concrete  is 
deposited  around  the  heads  of  the  piles,  or  (2)  a  grillage  or  platform  is  built  on  top  of  the 
piles  to  support  the  walls  or  piers.  The  first  method  is  now  the  most  common  one  for 
mill  building  foundations. 

A  common  specification  for  piles  for  mill  buildings  is  as  follows: — 

''All  piles  are  to  be  sprucei  yellow  pine  or  oak,  not  leas  than  9  in.  in  diameter  at  the  poin*) 
and  not  more  than  14  in.  m  diameter  at  the  butt.  Piles  are  to  be  straight  and  sound,  ana  free 
from  defects  affecting  their  strength  or  durability." 

Bearing  piles  for  heavy  foundations  are  sometimes  made  of  reinforced  concrete. 
Pressure  of  Walls  on  Foundations. — In  Fig.  1,  let  W  =  resultant  weight  of  the 


^^■■^^—■^f^.H(f.) 


14 

A 


(a) 
(b)    ^' 


Fig.  1. 


Fig.  2. 


wall,  the  footing  and  the  load  on  the  wall,  I  =  length  of  thp  footing  and  b  «  distance 
from  center  of  gravity  of  footing  to  point  of  application  of  load  TF,  and  let  the  wall  be  of 
unit  length.  The  pressure  on  the  footing  will  be  that  due  to  direct  load  TT,  and  a  couple 
with  an  arm  6  and  a  moment  =  +  W,b.    The  pressure  due  to  the  direct  W  will  be 

Pi  =  W/l  as  shown  in  (a), 

and  the  maximum  pressure  due  to  the  bending  moment,  M  =  +  W.b,  will  be 

M'C  _  6Tr-6 


p.,  = 


(2) 
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The  pressure  at  A  will  be 


and  at  B  will  be 


=  Pi  +  P2  =  y  +  — —  (3) 


=  Pi  -  Pj  =  -^ y  (4) 


as  shown  in  (c). 

Now  if  pi  is  made  equal  to  p2  the  pressure  at  B  will  be  zero  and  at  A  will  be  twice 
the  average  pressure.  Placing  pi  =  pi  in  (4)  and  solving  for  6,  we  have  6  =  Ji.  This 
leads  to  the  theory  of  the  middle  third  or  kern  of  a  section.  If  the  point  of  application 
of  the  load  never  falls  outside  of  the  middle  third  there  will  be  no  tension  in  the  masonry 
or  between  the  masonry  and  foundation,  and  the  maximum  compression  will  never  be 
more  than  twice  the  average  shown  in  (a). 

If  the  point  of  application  of  the  load  falls  outside  the  middle  third  (6  greater  than 
\  V)  there  will  be  tension  at  B^  and  the  compression  at  A  will  be  more  than  twice  the 
average.  But  since  neither  the  masonry  nor  foundation  can  take  tension,  formulas  (3) 
and  (4)  will  give  erroneous  results. 

In  (d)  Fig.  1,  assume  that  h  is  greater  than  \  I,  and  then  as  above,  the  load  W  will 

pass  through  the  center  of  pressures  which  will  vary  from  zero  at  the  right  to  P  at  A. 

If  3  a  is  the  length  of  the  foundation  which  is  under  pressure,  then  from  the  fundamental 

condition  for  equilibrium  for  translation,  summation  vertical  forces  equals  zero,  we  will 

have 

W  =  3p-a/2  and 

2W 
P  =  —  (5) 

3a  . 

Pressure  of  a  Pier  on  Foundation. — In  Fig.  2,  let  W  »  resultant  of  the  stresses  in 
the  column  and  the  weight  of  the  pier,  I  =  length,  c  =  depth  and  n  »  the  breadth  of 
the  footing  of  the  pier  in  feet.  The  bending  moment  at  the  top  of  the  pier  is  ikf  = 
—  iH'd,  and  at  the  base  of  the  pier  is  Mi  =  —  H{id  +  c).  Now  the  pier  must  be 
designed  so  the  maximum  pressure  on  the  foundation  due  to  W  and  the  bending  moment 
Ml  will  not  exceed  the  allowable  pressure.  The  maximum  pressure  on  the  foundation 
will  be 

W    .    Mry 

p  =  Pi  ±  P2  =  —    db  — — 

hn  I 


W^      SHjd  +  2c) 
hn  n-P 


(6) 


It  will  be  seen  from  (6)  that  a  shallow  pier  with  a  long  base  is  most  economical. 
To  find  the  relations  between  I  and  c  when  the  maximum  pressure  is  twice  the 
average,  place 

.    JT  _  3H{d  +  2c) 

bn  n-P 
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and  ,„3ff(d  +  2c, 

w 

For  any  given  conditions  the  value  of  I  that  will  be  a  minimum  may  be  found  by 
substituting  in  the  second  member  of  (7). 

To  illustrate  the  method  of  calculating  the  size  of  a  pier  we  will  calculate  the  pier 
required  to  fix  the  leeward  column  in  Fig.  8,  Chapter  X. 

The  sum  of  the  stresses  in  column  A-17  is  a  minimum  for  dead  and  wind  load  and 
will  be,  Table  II,  Chapter  X,  equal  to  4,800  +  4,500  =  9,300  lb. 

Try  a  pier  3  ft.  X  3  ft  on  top,  6  ft.  X  6  ft.  on  the  base  and  6  feet  deep,  weighing 
about  16,700  lb. 

Substituting  in  (6)  we  have 

^  26,000      3  X  4-300(14  +  12) 

^  "      36     "^  6  X  36 

=  722  ±  1-553  lb. 

This  gives  tension  on  the  windward  side  which  will  not  be  allowed,  and  so  we  will 
reinforce  the  footing  with  steel  bars  and  make  2  =»  10  ft.,  and  increasing  weight  so  that 

W  =  40,800  lb. 
p  =  680  ±  559 
=  1,239  or  121  lb.  per  sq.  ft., 

which  is  safe  for  ordinary  soils. 

If  it  had  been  necessary  to  drive  piles  for  this  pier,  a  small  amount  of  tension  might 
have  been  allowed  on  the  windward  side  if  the  tops  of  the  piles  had  been  enclosed  in 
concrete. 

Stresses  in  Anchor  Bolts. — ^The  stresses  in  the  anchor  bolts  may  be  calculated  as  in 
Fig.  4,  Chapter  IX. 

Wall  Footings. — Wall  footings  should  be  calculated  as  cantilever  beams^  taking 
moments  of  the  forces  acting  on  the  footing  outside  the  line  of  the  wall.  The  maidmum 
stresses  should  be  calculated  by  the  usual  flexure  formula  for  plain  reinforced  concrete 
footings,  and  by  the  standard  formulas  for  reinforced  concrete  beams  where  the  footing 
is  reinforced. 

Column  Footings. — In  the  column  footing  in  Fig.  3  the  reinforcing  bars  are  placed 
at  the  bottom  of  the  footing  and  run  in  both  directions. 

Shear, — The  load  on  the  column  will  produce  punching  shear  on  an  area  4a«d', 
where  a  —  side  of  column  and  d'  =  thickness  of  the  footing  slab,  both  in  inches.  The 
allowable  punching  shear  should  be  taken  at  120  lb.  i>er  sq.  in. 

Bending  Moment. — The  maximum  bending  moment  will  occur  ai  me  lace  of  the 
column.  In  Fig.  3,  the  moment  about  g-h  will  be  equal  to  the  area  of  the  trapezoid 
h-g-B-D,  multiplied  by  w,  the  unit  pressure  on  the  footing,  multiplied  by  the  distance 
Xf  the  distance  from  the  face  of  the  column  to  the  center  of  gravity  of  the  area  h-g-B-D, 
and 

M  =  iw'c(a  +  h)x  (8) 

For  two  way  reinforcement  evenly  spaced  over  the  footing  the  section  that  may 
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be  assumed  as  taking  the  bending  moment  may  be  assumed  as  greater  than  the  section 
g-h  In  Fig.  3.  The  tests  made  by  Professor  A.  N.  Talbot  and  described  in  Bull.  67, 
University  of  Illinois  Engineering  Experiment  Station,  show  that  for  two  way  rein- 
forcement uniformly  spaced  the  resisting  moment  may  be  calculated  at  the  face  of  the 
column  base  and  including  all  bars  that  lie  within  a  width  of  footing  equal  to  the  width 
of  the  column  base  plus  twice  the  thickness  of  the  column  base,  plus  one-half  the  re- 
maining distance  on  each  side  to  the  edge  of  the  footing.  This  method  may  also  be 
used  if  the  bars  are  spaced  more  closely  in  the  central  part  of  the  footing  than  on  the 
outside  portion.     The  stress  in  the  steel  may  be  calculated  by  the  usual  flexure  formula 


/.  =  MKA'j'd) 


(9) 


where  A  =  area  of  steel  calculated  as  above,  and  j'  d  =  distance  from  center  of  steel 
to  centroid  of  compressive  stresses. 

Bond  Stress. — In  calculating  the  bond  stress  on  the  steel,  the  total  shear  may  be 
taken  as  7  =  iw'c(a  +  b),  and  the  unit  bond  stress  may  be  calculated  by  the  usual 
formula 

U  =  VKXO-yd)  (10) 

where  2)0  =  area  per  lineal  inch  of  all  bars  included  in  the  section  used  in  calculating 
resisting  moment  as  above.  There  should  be  3  or  4  inches  of  concrete  below  the  steel. 
Diagonal  Tension. — As  a  measure  of  the  diagonal  tension  the  shearing  stress  should 
be  calculated  by  the  usual  formula  on  a  section  found  by  taking  a  square  with  sides 
equal  to  a,  the  width  of  the  column,  plus  twice  the  thickness  of  the  slab.  The  unit 
shear  will  be  equal  to 

/•  =  V'Kh'j'd)  (11) 

where  V  =  total  upward  pressure  on  the  footing  outside  of  the  square  and  h  =  total 
distance  around  the  outside  of  the  square,  And  j'd  =  distance  from  center  of  reinforcing 
steel  to  center  of  compressive  stresses.  The  allowable  stress  for  shear  where  stirrups  or 
bent-up  bars  are  not  used  should  not  exceed  40  lb.  per  sq.  in.  Where  bent-up  bars  and 
stirrups  are  used,  a  unit  shear  of  120  lb.  per  sq.  in.  may  be  used. 
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Fig.  3.    Reinforced  Concrete  Footing. 
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Retaining  Walls. — For  the  design  of  retaining  walls,  see  the  author's  "The  Design 
of  Walls,  Bins  and  Grain  Elevators.'' 

Bearing  Plates. — The  bearing  plates  required  for  beams  and  columns,  Fig.  4,  may 
be  determined  by  the  following  formulas. 

Let  R  =  reaction  of  beam  or  load  on  column. 
A  =  area  of  bearing  plate. 
w  =  allowable  unit  pressure  in  masonry. 
/  =  allowable  fiber  stress  in  plate. 
p  =  projection  of  bearing  plate  beyond  any  edge  of  beam  or  column. 

Area  of  bearing  plate, 


W//////////^ 


\ 


y////A 


p 


•1 
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Fig.  4.    Bearing  Plates. 


A  = 


n 


w 


(12) 


Thickness  of  bearing  plate  required  by  a  given  projection, 


(13) 


Safe  projection  for  a  given  thickness  of  plate, 

\  SR  >/  3i 


Sw 


(14) 


The  allowable  pressures  of  bearing  plates  on  masonry  (value  of  w)  are  given  in 
Table  I.  Standard  bearing  plates  for  I-beams  and  channels,  and  the  length  of  I-beams 
which  should  bear  on  plates  in  order  that  the  full  shearing  strength  be  developed  are 
given  in  the  author's  "  Structural  Engineers'  Handbook." 

For  a  full  discussion  of  bearing  plates,  see  Bulletin  No.  35,  University  of  Illinois 
Engineering  Experiment  Station,  entitled  "  A  Study  of  Base  and  Bearing  Plates  for 
Columns  and  Beams,"  by  Professor  N.  Clifford  Ricker. 

References. — For  additional  data  on  foundations,  see  the  author's  "The  Design  of 
Walls,  Bins  and  Grain  Elevators"  and  "Structural  Engineers'  Handbook." 
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Floors. 

Introduction. — The  best  t3rpe  of  floor  for  an  industrial  building  depends  upon  the 
requirements  and  local  conditions.  Floors  will  be  discussed  under  the  head  of  (1) 
ground  floors,  and  (2)  floors  above  ground. 

GROUND  FLOORS. — ^Types  of  Floors. — There  are  three  general  types  of  ground 
floors  in  general  use  in  industrial  plants:  (1)  Solid,  heat  conducting  floors,  as  stone,  brick 
or  concrete;  (2)  semi-elastic,  semi-heat  conducting  floors,  as  earth,  macadam,  tar 
macadam  or  asphalt  macadam;  (3)  elastic,  non-heat  conducting  floors  of  wood  or  with  a 
wooden  wearing  surface  on  a  bituminous  base. 

(1)  Solid  Floors. — Floors  of  this  class  have  been  used  in  Europe  and  formerly  in 
this  country  to  a  considerable  extent  in  shops  and  mills,  and  at  present  are  much  used  in 
round  houses,  smelters,  foundries,  warehouses  and  in  other  buildings  where  the  wear  and 
tear  are  considerable  and  where  men  are  not  required  to  stand  along  side  of  machines. 
Floors  of  this  class  are  cold  and  damp  and  cause  the  workmen  considerable  discomfort. 
The  wooden  shoes  of  the  Continental  workman  or  the  wooden  platforms  in  use  in  many 
of  our  shops  which  have  floors  of  this  class  overcome  the  above  objections  to  some  extent. 
The  gritty  dust  arising  from  most  concrete  floors  is  very  objectionable  where  delicate 
machinery  is  used.  The  noise  and  danger  from  breakage  are  additional  objections  to 
floors  of  this  class.  By  covering  concrete  floors  with  battleship  linoleum  or  a  similar 
material,  most  of  the  above  objections  are  eliminated. 

(2)  Semi-elastic  Floors. — Floors  of  this  class  have  many  of  the  objections  and 
defects  of  floors  of  the  first  class.  These  floors  are  liable  to  be  cold  and  damp  unless 
properly  drained,  and  give  rise  to  a  gritty  dust  that  is  often  intolerable  in  a  machine 
shop.  Earth  and  cinder  floors  are  very  cheap  and  are  adapted  to  forge  shops  and  many 
other  places  where  more  expensive  floors  are  now  in  use.  Floors  of  this  class  should  be 
well  tamped  in  layers  and  should  be  carefully  drained.  Floors  made  of  tar  concrete  or 
asphalt  concrete  give  very  satisfactory  results  when  properly  constructed  and  where 
they  are  not  required  to  support  heavy  machinery.  Asphalt  mastic  floors  when  properly 
constructed  are  practically  acid-resisting  and  are  especially  adapted  to  use  in  chemical 
plants  and  storage  battery  rooms. 

(3)  Elastic  Non-heat  Conducting  Floors. — Floors  made  of  wood  or  with  a  wooden 
wearing  surface  on  a  bituminous  base  are  the  most  satisfactory  floors  that  can  be  used 
for  shops,  mills  and  factories.  Wooden  floors  are  elastic,  non-heat  conducting  and  are 
pleasant  to  work  on.  They  are  easily  kept  clean  and  do  not  give  rise  to  grit  or  dust. 
This  type  of  floor  is  cheap,  and  is  easily  laid,  repaired  and  renewed. 

The  most  satisfactory  wearing  surface  on  a  wooden  floor  is  rock  maple,  |  in.  to  l\  in. 
thick,  and  2^  to  4  in.  wide,  tongued  and  grooved,  or  ^*ith  square  edges,  as  desired.  The 
matched  floor  makes  a  somewhat  smoother  floor  and  is  on  the  whole  the  most  satis- 
factory.   The  wearing  floor  should  be  laid  to  break  joints  and  should  be  nailed  to  a  sub- 
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floor  laid  at  right  angles  to  the  surface  layer.  The  thickness  of  the  sub-planking  will 
depend  upon  the  foundation  and  upon  the  use  to  which  the  floor  is  to  be  put. 

For  heavy  service,  creosoted  timber  blocks  laid  on  a  cement  concrete  or  a  bituminous 
concrete  base  gives  very  excellent  results. 

The  different  classes  of  floors  will  be  briefly  discussed  and  illustrated  by  examples  of 
floors  in  use. 

CONCRETE  FLOORS. — The  construction  of  concrete  or  cement  floors  is  similar 
to  the  construction  of  concrete  sidewalks,  the  principal  difference  1>eing  that  the  floor 
usually  requires  a  better  foundation.  The  foundation  will  depend  upon  the  use  to 
which  the  floor  is  to  be  put  and  the  character  of  the  material  upon  which  the  foundation 
is  to  rest.  The  excavation  should  be  made  to  solid  ground  or  until  there  is  depth 
enough  to  permit  a  sub-foundation  of  gravel  or  cinders.  Upon  this  sub-foundation 
there  should  be  placed'  a  layer  of  gravel  or  coarse  cinders  6  to  8  in.  thick,  thoroughly 
rammed.     The  author's  specifications  for  laying  concrete  floors  are  as  follows: 

Specifications  for  Concrete  Floor  on  a  Concrete  Base.  Materials. — ^The  cement  used  shall 
be  first-class  Portland  cement,  and  shall  pass  the  standards  of  the  American  Society  for  Testing 
Materials.  The  sand  for  the  top  finish  shall  be  clean  and  sharp  and  shall  be  retained  on  a  No.  ^ 
sieve  and  shall  have  passed  the  No.  20  sieve.  Broken  stone  for  the  top  finish  shall  pass  a  }  in. 
screen  and  shall  be  retcuned  on  the  No.  20  screen.  Dust  shall  be  excluded.  The  sand  for  the 
base  shall  be  clean  and  sharp.  The  aggregate  for  the  base  shall  be  of  broken  stone  or  gravel  and 
shall  pass  a  2  in.  ring. 

Base. — On  a  thoroughly  tamped  and  compacted  subgrade  the  concrete  for  the  base  shall  be 
laid  and  thoroughly  tamped.  The  base  shall  not  be  less  than  2}  in.  thick.  Concrete  for  the 
base  shall  be  thoroughly  mixed  with  sufficient'water  so  that  some  tamping  is  required  to  bring 
the  moisture  to  the  surface.  If  old  concrete  is  used  for  the  base  the  surface  shall  be  roughened 
and  thoroua;hly  cleaned  so  that  the  new  mortar  will  adhere.  The  roughened  surface  of  old  con- 
crete shall  then  be  thoroughly  wot,  so  that  the  base  will  not  draw  water  from  the  finish  when  the 
latter  is  applied.    Before  scrubbing  the  base  with  grout,  the  excess  water  shall  be  removed. 

Finish. — ^With  old  concrete  the  surface  of  the  base  shall  first  be  scrubbed  with  a  thin  grout 
of  pure  cement,  rubbed  in  with  a  broom.  On  top  of  this,  before  the  thin  coat  is  set,  a  coat  of 
finish,  mixed  in  the  proportions  of  one  part  Portland  cement,  one  part  stone  broken  to  pass  a  i  in. 
ring,  and  one  part  sand  shall  be  troweled  on  using  as  much  pressure  as  possible,  so  that  it  will 
take  a  firm  bond.  After  the  finish  has  been  apphed  to  the  desired  thickness,  preferably  2  in.,  it 
should  be  screedcd  and  floated  to  a  true  surface.  Between  the  time  of  initial  and  final  set  it  shall 
be  finished  by  skilled  workmen  with  steel  trowels  and  shall  be  worked  to  a  final  surface.  Under  no 
condition  shall  a  dryer  be  used,  nor  shall  water  be  added  to  make  the  material  work  easily. 

Precautions  in  Laying  Concrete  Floors. — If  a  concrete  floor  is  properly  constructed, 
the  wearing  surface  will  wear  away  so  slowly  that  the  amount  of  dust  which  accumulates 
is  imperceptible  and  will  cause  no  inconvenience.  Dusty  concrete  floors  may  be  due  to 
one  or  more  of  the  following  causes:  (1)  Dust  and  fine  material  in  the  aggregate;  (2)  the 
use  of  a  soft  aggregate;  (3)  the  use  of  insufiicient  water  in  mixing  the  concrete;  (4)  the 
use  of  too  much  water  in  mixing  the  concrete;  (5)  the  use  of  driers  in  finishing  the  wearing 
surface. 

The  coarse  aggregate  used  in  a  concrete  floor  should  be  selected  with  great  care. 
The  stones  should  bo  tough  and  should  be  free  from  all  dust  and  fine  material.  The 
aggregate  in  the  top  finish  should  all  pass  a  i  in.  screen  and  should  be  retained  on  a  30  in. 
mesh  screen.     All  dust  should  be  excluded. 

A  good  quality  of  gravel  passing  the  above  screens  will  give  results  almost  as  satis- 
factory as  broken  stone.  The  important  feature  of  any  aggregate  is  that  the  particles 
shall  be  hard  and  durable  and  that  the  coarse  sizes  predominate  in  quantity.  The  con- 
crete should  be  mixed  so  that  there  is  no  free  water  and  should  be  tamped  until  enough 
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moisture  is  brought  to  the  surface  to  trowel.  Where  the  concrete  wearing  surface  is 
placed  on  a  base  which  has  thoroughly  set,  a  2-in.  coat  consisting  of  a  layer  1|  in.  thick  of 
coarse  material- and  a  |  in.  finish  coat  is  recommended.  With  a  layer  of  concrete  thinner 
than  2  in.,  there  is  difficulty  in  obtaining  a  proper  bond  betwee.n  the  new  coat  and  the 
old  base. 

Dusty  concrete  floors  can  be  improved  by  the  application  of  one  or  two  coats  of 
boiled  linseed  oil.  If  the  linseed  oil  is  mixed  with  gasoline,  the  oil  will  penetrate  the 
wearing  surface  and  will  be  quite  effective  in  preventing  dust.  Quite  satisfactory 
results  may  also  be  obtained  by  treating  the  surface  of  the  floor  with  a  mixture  of  one 
part  silicate  of  soda,  or  water  glass,  diluted  with  six  parts  of  water.  The  solution  is 
applied  with  a  brush  and  after  about  24  hours  all  excess  is  washed  off,  and  a  second 
application  is  given. 

ASPHALT  MASTIC  FLOORS.— Asphalt  mastic  floors  may  be  constructed  in  the 
same  manner  as  asphalt  mastic  pavements,  or  may  be  constructed  of  asphalt  blocks 
laid  on  a  cement  concrete  base.  The  latter  method  is  the  more  generally  used  and 
appears  to  give  better  results. 

A  floor  made  of  asphalt  blocks  was  laid  in  the  storage  battery  building  in  the 
Philadelphia  Navy  Yard  as  follows.  Asphalt  blocks  8  in.  long,  4  in.  wide  and  Ij  in.  thick 
were  laid  upon  a  layer  of  1 :  4  cement  mortar  on  a  concrete  sub-floor.  After  the  blocks 
were  laid,  hot  liquid  asphalt  was  spread  over  the  surface  and  was  squegeed  into  the 
joints.  While  the  liquid  asphalt  was  hot,  a  thin  layer  of  sand  was  spread  over  the  sur- 
face and  was  swept  into  the  joints.  The  blocks  were  made  with  a  trap-rock  aggregate. 
This  floor  is  dense  enough  to  resist  deformation  under  the  concentrated  weight  of  the 
battery  units  giving  a  pressure  of  one-half  ton  per  square  foot;  is  impervious  to  moisture 
and  resists  acids.     The  cost  of  this  floor  at  the  Philadelphia  Navy  Yard  in  1918  was  as 

follows: 

8  in.  X  4  in.  X  li  in.  blocks  at  plant  $1.35  per  sq.  yd. 

Freight  and  laying  .35   *'     "     " 

Concrete  base  and  mortar  pitch  1.00   "     "     " 

Asphalt  seal  for  joints  .20   "     "     " 

Total  cost  per  square  yard  in  place  $2.90  per  sq.  yd. 

An  asphalt  block  floor  has  been  in  use  in  the  boiler  shop  of  the  Brooklyn  Navy  Yard 
for  four  years  and  has  given  excellent  results.  The  asphalt  blocks  are  2  in.  thick  and 
are  laid  on  a  dry  mortar  bed  with  sand  swept  into  the  joints  and  without  asphalt  jointing 
material. 

An  asphalt  mastic  floor  was  constructed  in  1912  in  the  forge  and  structural  shop 
of  the  Twin  Cities  Rapid  Transit  Company,  Minneapolis,  Minn.  The  floor  consisted 
of  a  1^  in.  layer,  composed  of  65  per  cent  gravel,  rock  and  bank  sand,  and  35  per  cent 
mastic  and  flux,  laid  on  a  concrete  base.  In  1918  this  floor  was  reported  as  being  in 
excellent  condition,  with  the  one  exception  that  is  is  somewhat  marked  up  where  pieces  of 
heavy  material  have  been  piled  or  where  jack  screws  have  stood.  Where  the  floor  has 
not  been  subject  to  excessively  heavy  loading,  it  is  smooth  and  free  from  cracks. 

An  asphalt  mastic  floor  has  been  used  in  a  machine  shop  of  the  Jeffery  Mfg.  Co.  of 
Columbus,  Ohio.  The*  asphalt  mastic  wearing  surface  is  1  in.  thick.  Warren  asphalt 
mastic  was  melted  in  kettles  and  was  mixed  with  an  equal  quantity  of  sharp  river  sand. 
After  the  mastic  had  been  heated  to  a  temperature  of  300^  F.,  it  was  spread  on  the  con- 
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Crete  foundation  and  was  rolled  to  the  proper  thickness.  When  the  material  was 
partially  cooled,  the  surface  was  finished  by  rubbing  in  fine  lake  sand  and  Portland 
cement  with  wooden  rubbing  trowels. 

BRICK  FLOORS. — Brick  floors  give  excellent  results  in  forge  shops,  round  houses 
and  similar  locations.  Brick  used  in  floors  should  be  paving  brick  and  should  comply 
with  standard  specifications.  The  brick  should  be  laid  on  a  solid  foundation  of  con- 
crete or  of  macadam.  The  brick  are  usually  laid  on  a  layer  of  sand  from  i  in.  to  1  in.  in 
thickness.  After  the  brick  are  laid,  the  joints  may  be  filled  with  sand,  with  cement 
grout  or  with  a  bituminous  filler. 

WOODEN  FLOORS  ON  BITUMINOUS  BASE.— Coal  tar  or  asphalt  concrete 
makes  the  best  foundation  for  a  shop  floor.  If  a  Portland  cement  concrete  is  used,  the 
planking  will  decay  very  rapidly  unless  the  top  of  the  concrete  is  covered  with  a  layer 
of  sand,  impregnated  with  coal  tar  or  asphalt.  Floors  with  a  bituminous  base  and  a 
wooden  wearing  surface  are  usually  made  with  a  layer  of  sub-planking  resting  directly 
on  the  bituminous  base  and  with  a  finished  floor  spiked  to  the  sub-planking.  The  sub- 
planking  may  be  spiked  to  sleepers  encased  in  the  bituminous  base,  or  may  be  laid 
directly  upon  the  bituminous  base.  Satisfactory  results  may  be  obtained  with  both 
methods.  Where  sleepers  are  used,  it  is  much  easier  to  properly  level  up  the  surface 
of  the  bituminous  concrete  than  where  the  sub-planking  is  laid  directly  upon  the  bi- 
tuminous base.  Where  a  wooden  floor  is  placed  on  a  cement  concrete  base,  the  best 
results  are  obtained  by  laying  the  sub-planking  directly  on  a  layer  of  bituminous  sand 
mastic  1  in.  thick.  The  author's  specifications  for  a  wood  floor  on  a  concrete  base  are  as 
follows: 

Specifications  for  Wood  Floor  on  a  Tar  Concrete  Base.  Floor  Sleepers. — Sleepers  for 
carrying  the  timber  floor  shall  be  3  in.  X  3  in.  placed  18  in.  c.  to  c.  After  the  subgrade  has  been 
thoroughly  tami)ed  and  rolled  to  an  elevation  of  4}  in.  below  the  tops  of  the  sleepers,  the  sleepen 
shall  be  placed  in  position  and  supported  on  stakes  driven  in  the  subgrade.  Before  depositing 
the  tar  concrete  the  sleepers  must  be  brought  to  a  true  level. 

Tar  Concrete  Base. — ^The  tar  concrete  base  shall  be  not  less  than  4)  in.  thick  and  shall  be 
laid  as  follows:  First,  a  layer  three  (3)  in.  thick  of  coarse,  screened  gravel  thoroughly  mixed  with 
tar,  and  tamped  to  a  hard  level  suriface.  Second,  on  this  bed  spread  a  top  dressing  1}  in.  thick 
of  sand  heated  and  thoroughly  mixed  with  coal  tar  pitch,  in  the  proportions  of  one  (1)  part  pitch 
to  three  (3)  parts  tar.  The  gravel,  sand  and  tar  shall  be  heated  to  from  200  to  300  degrees  F. 
and  shall  be  thoroughly  mixed  and  carefully  tamped  into  place. 

Plank  Sub-Floor. — ^The  floor  plank  shall  be  of  sound  hemlock  or  pine  not  less  than  2  in. 
thick,  planed  on  one  side  and  one  edge  to  an  even  thickness  and  width.  The  floor  piank  is  to  be 
toe-naued  with  4  in.  wire  nails. 

Finished  Flooring. — The  finished  flooring  is  to  be  of  maple  of  clear  stock,  }  in.  finished  thick- 
ness, thoroughly  air  and  kiln  dried  and  not  over  4  in.  wide.  The  flooring  is  to  be  planed  to  an  even 
thickness,  the  edges  jointed,  and  the  underside  channeled  or  ploughed.  The  finished  flpor  is  to 
be  laid  at  right  an^es  to  the  sub-floor,  and  each  board  neatly  fitt^  at  the  ends,  breaking  joints 
at  random.  The  floor  is  to  be  final  nailed  with  10  d.  or  3  in.  wire  nails,  nailed  in  diagonal  rows 
16  in.  apart  across  the  boards,  with  two  (2)  nails  in  each  row  in  every  board.  The  floor  to  be 
finished  off  i)erfectly  smooth  on  completion. 

The  finished  flooring  is  not  to  be  taken  into  the  building  or  laid  until  the  tar  concrete  base 
and  sub-plank  floor  are  thoroughly  dried. 

The  following  specifications  for  a  wooden  floor  on  a  tar  concrete  base  were  pre- 
pared by  Lockwood,  Green  and  Co.,  consulting  engineers,  Boston,  Mass.: 

SPECinCATIGNS  FOR  PLANK  FLOOR  ON  TAR  CONCRETE  BASE.  Tar  Concrete 
Sub-Floors. — Lay  tar  concrete  sub-floors  to  support  planking  for  all  wood  floors  resting  on  earth. 
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The  surface  of  the  ground  to  receive  the  floors  shall  be  well  rolled  to  a  true  level  before  laying  the 
concrete.    The  floors  shall  be  4}  in.  thick  when  finished  and  shall  be  composed  and  laid  asfolkws: 

Base. — ^A  base  of  crushed  stone  or  coarse  screened  gravel,  of  size  graded  from  }  to  1}  in., 
thoroughly  mixed  with  coal  tar  shall  be  laid  and  rolled  to  a  hard,  level  surmce  to  finish  Si'm.  thick. 

Ton  Dressing. — On  the  bed  thus  laid  spread  the  top  dressing,  consisting  of  sand  healed  and 
thoroughly  mixed  with  coal  tar  and  pitch  (one  part  pitch  and  tm^  parts  tar).  These  shall  be 
mixed  together  until  the  sand  is  completely  covered,  making  a  homogeneous  mass.  Spread  this 
top  dressing  over  the  whole  surface  levelling  off  even,  and  of  sufficient  thickness  to  miifdi  1  in. 
thick  when  compacted.  The  floor  plank  shall  then  be  bedded  on  this  top  dressing  before  harden- 
ing; shall  be  weil  hammered  down  on  same  and  the  tops  of  all  pluik  brought  to  the  proper  level. 
Any  plank  below  the  proper  level  shall  be  taken  up,  before  nailing,  and  raised  with  more  material. 

Planking  on  Tar  Concrete. — ^Plank  shall  be  of  good  quality  thoroughly  seasoned,  sound 
kyanized  spruce  or  hard  pine,  treated  with  an  approved  wood  preservative.  It  shall  be  of  -2  in. 
or  3  in.  stock  and  planed  on  one  side  and  two  edges  to  an  even  thickness  and  width  over  entire 
length.  The  plank  is  not  to  exceed  three  different  widths  in  the  entire  lot  and  not  over  8  in.  wide 
and  may  be  random  lengths  with  a  minimum  length  of  10  ft.  0  in.  It  shsdl  be  as  dry  as  possible, 
shall  be  stacked  up  for  air  drying  and  housed  from  the  weather  as  soon  as  received  at  the  site. 
Plank  shall  be  laid  level  on  the  tar  concrete,  running  across  the  building,  following  closely  after  the 
top  dressing  is  laid,  before  hardening  that  the  plank  may  be  bedded  on  it,  and  after  being  brought 
to  a  proper  level  shall  be  thoroughly  toe-nailed  with  3  in.  or  4  in.  wire  nails,  depending  on  the 
thickness  of  plank  used.  Plank  shall  not  be  laid  within  1  in.  of  all  walls,  columns  and  piers. 
Where  hard  pine  planking  is  used  a  waterproof  paper  with  the  edges  lapped  at  least  3  in.  shall  be 
laid  under  all  top  flooring.    This  paper  shall  weigh  not  less  than  45  lb.  per  roll  of  500  sq.  ft. 

Flooring. — ^Furnish  and  lay  a  maple  top  flooring  on  all  floors  where  shown,  all  of  No.  1  grade 
according  to  the  latest  rules  of  the  Maple  Flooring  Manufacturers  Association,  viz: — ^AU  flooring 
shall  be  1  in.  stock,  air-dried  and  kiln-dried  before  planing;  shall  be  planed  on  one  side  to  an  even 
thickness,  with  edges  jointed,  making  each  piece  the  same  width  its  entire  length  and  the  under  side 
double  channeled  or  plowed.  All  ends  shall  be  matched.  AH  finished  flooring  will  admit  of 
tight,  sound  knots  and  slight  imperfections  in  dressing  but  must  lay  without  waste;  shall  be  13/16 
in.  thick,  not  over  4  in.  wide  and  in  1)  to  16  ft.  lengths  but  shall  contain  not  more  than  40  per  cent 
of  1}  to  3i  ft.  lengths.  The  flooring  shall  not  be  taken  into  the  buildings  or  laid  until  the  walls  and 
planking  are  thoroughly  dried  out. 

Laying. — Separate  the  several  widths;  laying  each  course  at  right  angles  to  the  planking  with 
one  width  of  flooring  and  with  each  piece  neatlv  fitted  at  the  ends.  Break  joints  at  random  for 
every  course  of  flooring  and  crowd  together  and  hold  by  t-emporary  nailing. 

All  top  flooring,  including  stair  landings,  shall  be  kept  1  in.  away  from  all  walls.  Cover  this 
space  with  a  beveled  maple  strip  put  on  after  the  floors  are  finished. 

Nailing. — Flooring  shall  be  finally  nailed,  with  8d.  (2)  in)  wire  floor  nails,  in  diagonal  rows 
14  in.  apart  across  the  pieces,  with  two  nailings  in  each  row  in  every  piece,  except  at  the  ends  of 
pieces,  which  shall  be  nailed  with  two  nails  in  each  piece;  all  nails  shall  be  set  and  all  standing 
joints  smoothed  down  to  make  a  smooth  level  floor. 

Where  a  wooden  floor  is  laid  on  a  cement  concrete  slab,  the  practice  of  Lockwood, 
Green  and  Co.  is  as  follows:  Lay  a  tar  and  sand  sub-base  of  sufficient  thickness  to  finish 
1  in.  thick  when  compacted.  Sand  shall  be  heated  and  thoroughly  mixed  with  sufficient 
coal  tar  and  pitch  (one  part  of  pitch  to  three  parts  of  tar).  The  sand  and  tar  shall  be 
mixed  together  until  the  sand  is  completely  covered,  making  a  homogeneous  mass. 
The  concrete  surface  to  receive  this  mixture  shall  be  thoroughly  cleaned  and  washed 
free  from  any  dust  or  debris  and  allowed  to  dry,  and  as  soon  as  the  tar  mixture  is  spread, 
it  shall  be  leveled  off  even  and  rolled  or  troweled  to  a  dense  mass.  The  floor  planks 
shall  then  be  bedded  on  this  top  dressing  while  it  is  still  hot;  shall  be  well  hammered 
down  on  same,  and  the  tops  of  all  plank  brought  to  the  proper  level.  Any  plank  below 
the  proper  level  shall  be  taken  up,  and  raised  with  more  material.  The  specifications  for 
planking  and  for  placing  the  planking  are  the  same  for  this  type  of  floor  as  for  the  wood 
floor  on  a  tar  concrete  base. 

The  specifications  of  Mr.  F.  W.  Dean,  consulting  engineer,  Boston,  Mass.,  for  a 
wood  floor  and  tar  concrete  base  are  as  follows: 
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''  The  earth  is  to  be  filled  in  layers  6  in.  thick  and  rammed  level.  On  top  of  this  there  is  to  be 
a  layer  3  in.  thick  of  hot  tar  concrete  laid  and  rolled  firmly  and  level,  the  upper  }  in.  being  of  fine 
material  laid  hot  and  well  rolled  so  as  to  prevent  moisture  from  coming  through. 

"On  this  there  is  to  be  a  layer  of  4  in.  unplaned,  square-edged,  kyanized  or  otherwise  treated 
to  prevent  decay,  spruce  plank  laid  close  and  covered  with  a  standard  maple  mill  floor  laid  as 
specified  elsewhere,  at  right  angles  to  the  plank. 

The  specifications  of  The  Barrett  Company  for  "  Tar-rok  "  floors  are  essentially 
the  same  as  the  specifications  of  Lockwood,  Green  and  Co.  For  "Tar-rok  "  sub- 
floors  over  earth,  the  tar  concrete  foundation  is  to  be  5  in.  thick,  laid  in  two  courses, 
the  foundation  course  4  in.  thick  and  the  damp-proof  course  1  in.  thick.  The  founda- 
tion course  is  made  of  screened  gravel  or  crushed  stone,  varying  in  size  from  2 J  to  J  in., 
and  mixed  with  sufl5cient  quantity  of  Barrett  sub-floor  tar  No.  5  so  that  it  will  compact 
under  a  roller.  The  tar  for  this  course  is  heated  to  not  more  than  200®  F.  and  is  rolled 
with  a  roller  weighing  not  less  than  300  lb.  per  foot  of  length.  The  damp-proof  course 
is  made  of  fine  sand  mixed  with  sub-floor  tar  No.  7,  in  the  proportion  of  not  less  than  50 
nor  more  than  60  gallons  of  tar  to  each  cubic  yard  of  sand.  The  sand  and  tar  is  not  to  be 
hotter  than  225°  F.  when  mixed  together.  This  mixture  is  spread  evenly  Ij  in.  thick,  so 
that  it  will  compact  to  1  in.,  and  is  leveled  with  a  straight  edge.  The  sub-floor  is  laid 
on  this  soft  mixture  and  is  bedded  by  hammering.  The  sub-plank  are  3  in.  thick  and 
are  toe-nailed  together.  The  wearing  plank  is  1  in.  in  thickness  and  is  laid  at  right 
angles  to  the  sub-plank. 

In  laying  "  Tar-rok  "  sub-floors  over  concrete  slabs,  the  1  in.  damp-proof  course  is 
laid  directly  upon  the  concrete  slabs. 

CREGSOTED  WOOD  BLOCK  FLOORS.— Creosoted  wood  block  floors  may  be 
laid  on  a  cement  concrete  foundation  or  upon  a  tar  concrete  foundation.  If  the  con- 
crete foundation  has  a  uniform  surface  and  the  wood  blocks  are  uniform  in  height,  the 
blocks  may  be  laid  in  hot  tar  directly  on  the  concrete  without  a  cushion  layer.  Specifica- 
tions usually  permit  a  variation  of  1/16  of  an  inch  in  the  height  of  blocks  and  it  is  there- 
fore necessary  to  use  a  cushion  layer  between  the  blocks  and  the  top  of  the  foundation. 
Wood  blocks  are  laid  on  a  sand  cushion  |  in.  to  1  in.  thick,  upon  a  1 : 4  cement  mortar 
cushion  §  in.  thick,  or  upon  a  bituminous  mastic  cushion  about  }  in.  thick.  For  upper 
floors,  wood  blocks  may  be  laid  on  a  creosoted  timber  sub-floor  without  the  use  of  a 
cushion  layer.  Wood  blocks  used  in  laying  floors  are  ordinarily  long  leaf  yellow  pine, 
sawed  3  in.  high,  3  to  4  in.  wide,  5  to  10  in.  long,  with  an  average  length  of  about  8  in. 
After  the  blocks  have  been  sawed  to  size,  they  are  impregnated  by  the  full  cell  process 
with  from  12  to  16  lb.  to  the  cubic  foot  of  creosote  oil.  The  wood  blocks  are  laid  with 
the  grain  of  the  wood  vertical.  After  the  blocks  are  laid,  the  joints  may  be  filled  with 
sand,  with  cement  grout,  or  with  a  bituminous  filler.  A  wood  block  pavement  or  floor 
expands  after  laying,  and  it  is  therefore  necessary  to  make  adequate  provision  for  this 
expansion.  The  following  represents  good  practice  in  providing  for  expansion  joints. 
''  Expansion  joints  shall  be  formed  by  placing  a  1  in.  X  4  in.  board  on  edge  against  the 
sides  of  the  building  and  around  columns  and  foundations.  After  the  blocks  are  laid, 
and  after  tamping  and  rolling,  the  strips  shall  be  removed  and  the  voids  filled  with  a 
low-melting  point  pitch  to  within  J  in.  of  the  wearing  surface  of  the  floor." 

For  additional  data  on  creosoted  wood  block  floors,  see  Chapter  XL. 

EXAMPLES  OF  FLOORS.— The  floor  shown  in  (a)  Fig.  1,  was  constructed  as 
follows:  2-in.  plank,  matched  and  planed  on  one  side,  were  laid  on  3  in.  X  3  in.  chestnut 
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joists.  The  surface  of  the  cinders  was  kept  2  in.  away  from  the  wood  and  this  space  was 
filled  with  lime  mortar.  After  the  surface  of  the  cinders  had  been  grouted,  the  3  in. 
X  3  in.  joists  were  held  in  place  by  sticks  about  3  ft.  apart,  nailed  to  the  joists.  The 
lime  mortar  was  then  fiJled  in  around  and  slightly  above  the  surface  of  the  joists  to 
allow  for  shrinkage.  Before  laying  the  floor,  a  thin  layer  of  slaked  lime  was  spread 
over  the  surface. 
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Fio.  1.    Examples  of  Ground  Shop  Floors. 

A  cheap  but  serviceable  floor  may  be  made  as  shown  in  (b)  Fig.  1.  The  soil  is 
excavated  to  a  depth  of  12  to  15  inches,  and  cinders  are  filled  in  and  carefully  tamped. 
The  floor  planks  are  nailed  to  the  sills  which  are  embedded  in  the  cinders.  The  life  of 
the  plank  floor  can  be  increased  by  putting  a  coating  of  slaked  lime  on  top  of  the 
cinders. 
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A  very  good  floor  for  mills  and  factories  is  shown  in  (c)  Fig.  1.  *  The  pitch  or  asphalt 
will  prevent  the  decay  of  the  plank  and  will  add  materially  to  the  life  of  the  floor. 
Maple  flooring  makes  the  best  wearing  surface  and  should  be  used  if  the  cost  is  not  pro- 
hibitive. 

The  floor  shown  in  (d)  Fig.  1,  was  used  in  a  shop  of  the  Boston  and  Maine  Railway. 
The  earth  was  well  compacted  and  brought  to  a  proper  surface  and  a  4-in.  layer  of  pitch 
and  coal  tar  concrete  was  put  down  in  three  courses.  The  stones  in  the  lower  course 
were  not  less  than  1  in.  in  diameter.  The  stones  in  each  course  were  well  covered  with 
tar  before  laying,  and  were  well  tamped  and  rolled.  The  third  and  finishing  course  was 
composed  of  clean,  sharp  sand,  well  dried,  heated  hot,  mixed  with  pitch  and  tar  in  proper 
proportions,  and  was  carefully  rolled  and  brought  to  a  true  level  with  a  straight  edge. 
A  coating  of  roofing  pitch  1  in.  thick  was  put  on  the  finished  surface  of  the  foundation 
and  the  plank  were  laid  before  the  pitch  had  cooled. 

The  floor  shown  in  (e)  Fig.  1,  was  used  in  the  factory  of  the  Atlas  Tar  Co.,  Fair- 
haven,  Mass. 

A  creosoted  wood  block  floor  on  a  concrete  base  is  shown  in  (f)  Fig.  1. 

The  concrete  shop  floor  in  (h)  Fig.  1,  has  4  in.  channels  set  in  and  anchored  to  the 
concrete.  Machines  may  be  bolted  to  these  channels  by  means  of  bolts  with  oblong 
heads. 

FLOORS  ABOVE  GROUND.— The  type  of  floor  used  for  the  upper  stories  of  mill 
buildings  will  depend  upon  the  character  of  the  structure  and  the  use  to  which  the  floor 
is  to  be  put.  In  fireproof  buildings,  floors  should  preferably  be  constructed  of  fire- 
resisting  materials,  although  there  is  comparatively  little  risk  from  fire  under  ordinary 
conditions  with  a  heavy  plank  or  a  laminated  timber  floor. 

TIMBER  UPPER  FLOORS.— The  standard  floor  for  buildings  constructed  of 
heavy  timbers  consists  of  a  layer  of  spruce  or  dense  pine  plank,  usually  3  in.  thick,  laid 
to  cover  two  floor  beam  spaces  and  break  the  joints  every  three  feet.  On  these  is  laid 
three  thicknesses  of  rosin-sized  paper,  each  layer  being  mopped  with  tar.  The  top  floor 
is  Ij  in.  hard  wood,  preferably  maple. 

Laminated-timber  floors  for  mill  buildings  are  constructed  as  follows :  Planks  2  in. 
or  3  in.  thick  and  6  in.  or  8  in.  wide  are  placed  on  edge  and  are  spiked  together.  Planks 
are  laid  butt  to  butt  on  the  girders,  with  every  6th  or  8th  plank  extending  across  the 
girder.  The  planks  are  spiked  together  with  60d  nails,  spaced  18  in.  centers.  In  laying 
the  floor,  the  two  planks  near  the  wall  should  be  omitted  until  the  glazing  is  finished. 
The  laminated  floor  should  not  be  spiked  to  the  girders.  On  top  of  the  laminated  sub- 
floor  is  placed  the  finished  floor  of  maple  or  other  hard  wood.  The  planks  may  also  be 
laid  across  the  girders  so  that  the  joints  in  about  one-half  the  plank  will  come  at  about 
the  quarter  points  of  the  span. 

The  Yellow  Pine  Manufacturers  Association  has  calculated  the  safe  span  of  yellow 
pine  when  used  for  mill  floors  with  fiber  stresses  of  1,200  to  1,800  lb.  per  sq.  in.  for  live 
loads  of  50  to  400  lb.  per  sq.  ft.  in  addition  to  the  weight  of  the  floor,  Table  I.  In  the 
line  m.irked  "  Deflection  "  is  given  the  span  which  has  a  maximum  deflection  of  one 
thirtieth  of  an  inch  per  foot  of  span  for  the  various  live  loads.  The  modulus  of  elasticity 
of  timber  was  taken  as  1,620,000  lb.  per  sq.  in.  The  table  may  be  used  for  any  kind  of 
timber  by  using  the  proper  working  stress.  The  maximum  spans  for  fiber  stresses  less 
than  1,200  lb.  per  sq.  in.  may  be  found  as  follows:  Required  the  maximum  safe  span  for 
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a  timber  floor  2|  in.  thick  for  a  fiber  stress  of  800  lb.  per  sq.  in.  and  a  live  load  of  150  lb. 
per  sq.  ft.  The  span  is  approximately  the  same  as  for  a  fiber  stress  of  1,200  lb.  per  sq.  in. 
and  a  live  load  of  225  lb.  per  sq.  ft.,  ~  6  ft.  11  in.;  or  for  a  fiber  stress  of  1,600  lb.  per 
sq.  in.  and  a  live  load  of  300  lb.  per  sq.  ft.,  —  6  ft.  11  in. 

Table  I  may  be  used  in  designing  laminated  timber  floors. 


TABLE  I. 
Allowable  Spans  for  Timber  Floors. 


Nominal 

Thickness. 

In. 

Actual 

Thicioiess. 

In. 

Fiber  Stress. 
Lb.  Per 
Sq.  In. 

Span  in  Feet  and  Inches. 

Live  Load  in  Lb.  Per  Sq.  Ft. 
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1,800 
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16'     9" 
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"     1" 

/    3" 
8'    2" 
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/    4" 
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5'    6" 
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6'    8" 

/    4" 
5'    2" 

S'    2" 
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6'    4" 
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4 

3t 
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1,500 
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10'     i" 

7'    2" 
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REINFORCED  CONCRETE  FLOORS.— The  economical  bays  for  a  reinforced 
concrete  floor  vary  from  about  14  ft.  by  14  ft.  for  heavy  loads  to  18  ft.  by  18  ft.  for 
light  loads.  The  most  economical  spacing  for  beams  carrying  reinforced  concrete  floors 
usually  occurs  vith  the  cross  beams  placed  at  the  third  points  of  the  girders.  For  18  ft. 
girders  the  slab  will  have  a  span  of  6  ft.  Slabs  are  designed  for  a  moment  ot^wl^  with 
ends  supported,  1/10  w^  with  one  end  supported  and  one  end  fixed,  and  1/12  w/*  for 
interior  continuous  spans.  The  more  usual  thickness  of  floor  slabs  is  from  3§  in.  to  5  in. 
A  few  rods  should  be  placed  at  right  angles  to  the  main  rods  to  assist  in  preventing  con- 
traction cracks  and  in  distributing  the  load  to  the  main  rods. 

Standard  specifications  for  reinforced  concrete  floor  slabs  are  as  follows: — 

The  concrete  slab  shall  be  designed  for  the  following  allowable  unit  stresses;  the  concrete  to 
be  made  of  one  part  Portland  cement,  2  parts  clean,  sharp  sand,  and  4  parts  suitable  gravel  or 
broken  stone  that  will  pass  a  1}  in.  ring,  and  that  will  give  a  compressive  strength  of  not  less  than 
2,000  lb.  per  sq.  in.  when  test^  in  cylinders  8  in.  in  diameter  and  16  in.  long  after  having  been 
stored  for  28  days  in  a  moist  closet.  Allowable  compression  in  slabs,  650  lb.  per  sq.  in.,  allowable 
tensile  stress  in  steel,  16,000  lb.  per  sq.  in.,  modulus  of  elasticity  of  steel  to  be  taken  as  15  times  the 
modulus  of  elasticity  of  concrete,  allowable  shear  as  a  measure  of  diagonal  tension  40  lb.  per  sq.  in., 
punching  shear  120  lb.  per  sq.  in.,  bond  stress  in  slabs  80  lb.  per  sq.  in.  for  plain  bars. 
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For  a  concrete  floor  finish  the  thickness  of  the  wearing  surface  should  be  from  |  to 
J  in.  thick  if  the  surface  is  placed  at  the  same  time  as  the  slab,  or  about  2  in.  thick  if  the 
wearing  surface  ia  placed  after  the  slab  has  fully  set. 

The  details  of  laying  the  wearing  surface  are  the  same  as  for  a  concrete  floor  on  the 
ground,  which  see. 

The  safe  loada  on  reinforced  concrete  slabs  designed  to  comply  with  the  above 
specifications  are  given  in  Table  II  and  Table  III.  The  spacing  of  reinforcing  bars  for 
reinforced  concrete  slabs  is  given  in  Table  IV.  For  formulas  and  data  for  the  calcula- 
tion of  the  stresses  in  reinforced  concrete  slabs,  see  the  author's  "  Design  of  H^hway 
Bridges  of  Steel,  Timber  or  Concrete,"  or  "  Structural  Engineers'  Handbook." 

TABLE  II. 
Safe  Loads  ON  REtNFORCED  Concrete  Slabs.    Fob/.  =  18,000,/,  =650,n  =  15,  ilf  -  I/lOrcJ" 
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1* 
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7! 
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li 
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11.8 

'4 
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11 

Jo 
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i 
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94 
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a 
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TABLE  III. 
«  Reinforced  Concbetb  Slabs.     For/.  • 


16,000,/,  =  650,  n  =  15,  ^f  -  l/12irP 
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7? 
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BUCKLE  PLATES. — Buckle  plates.  Fig.  2,  are  made  from  steel  plates  }  in.,  5/!6  in., 
I  in.,  or  7/16  in.  thick.  The  buckles  are  made  from  2  ft.  by  2  ft.  6  in.  to  4  ft.  by  4  ft. 
6  in.,  with  a  depth  of  2  in.  to  3^  in.  Buckle  plate^^  are  made  with  from  one  to  15  buckle?, 
all  buckles  in  a,  plate  having  the  same  depth.  Buckle  plates  are  supported  on  a  flange 
with  a  width  of  2  in.  to  6  in.  Buckle  plates  are  covered  with  Portland  cement  concrete, 
or  with  bituminous  concrete  and  a  wood  wearing  surface. 
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TABLE  IV. 


i 

3PAcrNa  OF 

Reinforcinq  Bars  in  Concrete  Slabs 
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Thick- 
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of 
Slab, 
In. 

Center 
of  Steel 
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Per  Ft. 

of 
Width. 
Sq.  In. 

Weight 
of  Slab 
Lb.  per 

Ft. 

Ssiacing  of  Bars  in  Inches. 

Round  Bars,  In. 

Square  Bars,  In. 

1/4 

2i 
2i 
2 

if 

3/8 

7/16 

i/a 

9/16 

S/8 

1/4 

3/8 
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6i 
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*4 

0.208 
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38 
44 

56 

69 

75 
81 

88 

94 
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4i 

4 

3i 
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2I 
2} 

8i 
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4 
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■ 

3i 

2 

li 

8 
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4i 
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3i 

1* 
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si 
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ti 

8i 
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si 
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4i 
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5i 
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si 
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4i 
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Details  of  buckle  plates  are  given  in  the  author's  "  Structural  Engineers'  Hand- 
book." 
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Fig.  2.    Buckle  Plates. 


BRICK  ARCH  FLOOR.— The  brick  arch  floor  shown  in  (a)  Fig.  3,  was  formerly 
much  used  in  fireproof  builidings  and  is  still  used  to  some  extent  in  mills  and  factories. 
The  arch  is  commonly  made  of  a  single  layer  of  brick  about  4  inches  thick,  with  a  span 
of  4  to  8  ft.  and  a  center  rise  of  preferably  not  less  than  |  the  span.  The  space  above  the 
brick  arch  is  filled  with  concrete  and  a  wearing  floor  is  nailed  to  strips  imbedded  in  the 
surface  of  the  concrete.  Tie  rods  are  commonly  placed  at  about  |  the  height  of  the  beam 
and  are  spaced  from  4  to  6  ft.  apart.  The  thrust  of  the  arch  per  lineal  foot  can  be  found 
by  the  formula 

T  =  l.STF-  U/R 

where  T  =  thrust  of  arch  in  lb.  per  lineal  f t. ;  W  =  load  on  arch  in  lb.  per  square  ft. ; 
L  =  span  of  the  arch  in  ft. ;  R  =  rise  of  arch  in  in. 
The  weight  of  this  floor  is  about  75  lb.  per  sq.  ft. 

CORRUGATED  STEEL  ARCH  FLOOR.— The  corrugated  steel  arch  shown  in  (b) 
Fig.  3,  makes  a  very  strong  floor  for  shops  and  mills.  The  corrugated  steel  acts  as  a 
center  for  the  concrete  filling  above  it,  and  in  connection  with  the  concrete  makes  a 
composite  arch.    The  corrugated  steel  is  ordinarily  the  standard  2|-inch  corrugations, 
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and  the  gages  are  Nos.  16,  18  or  20,  depending  upon  the  load  and  the  length  of  span. 
The  rise  of  the  arch  should  not  be  less  than  1/12  the  span  and  should  have  a  thickness  of 
from  2  to  4  in.  of  concrete  over  the  center  of  the  arch.  Beams  are  spaced  from  4  to  7  ft. 
apart  for  this  floor,  and  tie  rod&  are  used  as  in  the  brick  arch  floor. 


//  Flooring 


^^Tte  Rod 

(9)  bRicK  ARCH  Floor 


Z'Floorhg 


Corru^ffn^  ina     ^7?e  Rod 
Od  C^RUSATED  /RON  FLOOR 


^Z  "  F/ooriny         ^^Tbr  Mastsc 


((jREiNFOkao  Concrete  Floor 


*7ir  CMcrete 


'2'Ffoorh^ 


t^dj Reinforced  Concrete  Floor 


(e)  (F) 

PENCOYO  COHRUSATEO  FL00RIN6 


fy)  Z  BAR  Floor 


(h)  AN6LE  &  Plate 
Floor 


(i)  "Buckeye" F/REFRO(^  Floor/n6  ffj Multiplex  Steel  Plate  Floor 

Fio.  3.    Examples  of  Shop  Floobs  Above  Ground. 


Ferroindave. — Ferroinclave  is  fully  described  in  Chapter  XXIX.  It  has  been  used 
by  the  Brown  Hoisting  Company  for  floors  as  well  as  for  roofing  and  siding.  It  should 
make  a  very  satisfactory  flooring  where  light  loads  are  to  be  carried. 

CORRUGATED  FLOORING.— Corrugated  flooring  or  trough  plates  shown  in  (e) 
and  (f)  Fig.  3,  are  used  for  fireproof  floors  where  extra  heavy  loads  are  to  be  carried  in 
mill  buildings,  in  train  sheds  and  for  bridge  floors.  The  troughs  are  filled  with  concrete, 
which  is  given  a  finishing  coat  of  cement  or  is  covered  with  a  plank  floor;  the  planks 
being  laid  directly  on  the  plates  or  spiked  to  spiking  pieces  imbedded  in  the  filling. 
The  details,  weights  and  safe  loads  for  corrugated  plates  are  given  in  the  author's 
"  Structural  Engineers'  Handbook." 

Corrugated  flooring  or  trough  plates  are  usually  very  hard  to  get  and  the  Z-bar  and 
plate  floor  shown  in  (g)  Fig.  3,  and  the  angle  and  plate  floor  shown  in  (h)  are  substi- 
tuted. The  details,  weights  and  safe  loads  for  Z-bar  and  plate  flooring  are  given  in 
''  Carnegie  Steel."    Angle  and  plate  flooring  is  made  of  equal  legged  angles  and  plates, 
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and  the  safe  loads  are  not  given  in  handbooks  but  must  be  calculated.  The  moment  of 
inertia,  I,  of  a  section  of  flooring  containing  two  angles  and  two  plates  is  given  by  the 
formula 

I  «2/'  +  2A-<P  +  2r" 

where  I'  »  moment  of  inertia  of  one  angle  about  an  axis  through  the  center  of  gravity 
of  the  angle  parallel  to  the  neutral  axis  of  the  flooring;  A  =  area  of  one  angle;  d  =  dis- 
tance from  center  of  gravity  of  the  angle  to  the  neutral  axis  of  the  flooring;  7"  =  moment 
of  inertia  of  the  plate  about  the  neutral  axis. 

The  properties  of  the  angles  required  in  the  calculations  may  be  obtained  from  the 
handbook,  and  I"  ia  equal  to  one-half  the  sum  of  the  moments  of  inertia  of  the  plate 
about  its  long  and  its  short  diameter — since  the  sum  of  the  moments  of  inertia  about 
any  pair  of  rectangular  axes  is  a  constant. 

"  BUCKEYE  "  FIREPROOF  FLOORING.— The  steel  flooring  shown  in  (i)  Fig. 
3,  is  manufactured  by  the  Youngstown  Iron  &  Steel  Roofing  Co.,  Youngstown,  Ohio. 
This  floor  is  made  in  two  sizes^  one  for  bridge  floors  and  the  other  for  building  floors. 
The  flooring  shown  in  (i)  is  for  buildings,  is  made  in  sections  of  four  triangles  each  in 
lengths  up  to  10  ft.,  and  will  lay  a  width  of  21  in.  Each  triangle  is  5|  in.  wide  and  2^  in. 
deep.  The  flooring  when  complete  with  a  concrete  filling  and  a  l|-in.  wearing  surface 
will  weigh  from  32  to  35  lb.  per  sq.  ft.  The  weights  of  the  metal  troughs  laid  in  place 
and  the  safe  loads  in  addition  to  the  weight  of  the  floor  are  given  in  the  manufacturer's 
catalog. 

MULTIPLEX  STEEL  FLOOR.— The  steel  flooring  shown  in  (j)  Fig.  3,  is  manu- 
factured by  the  Berger  Mfg.  Co.,  Canton,  Ohio.  This  floor  is  made  with  corrugations 
from  2  to  4  in.  deep  and  of  Nos.  16,  18,  20  and  24  gage  steel.  The  triangles  are  filled 
with  concrete  and  the  floor  is  given  a  cement  finish,  or  is  covered  with  a  wooden  wearing 
surface.  Tables  of  safe  loads  for  Multiplex  Steel  Floor  are  given  in  the  manufacturer's 
catalog. 

STEEL  PLATE  FLOORING.— Fireproof  floors  around  smelters,  etc.,  are  often 
made  of  steel  plates.  Flat  steel  plates  do  not  make  a  very  satisfactory  floor  for  the 
reasons  that  the  plates  will  bulge  up  in  the  center  when  fastened  around  the  edges,  and 
because  they  become  dangerously  smooth.  Flat  plates  should  be  fastened  to  the  floor 
by  means  of  bolts  placed  near  the  center  of  the  plate. 

Neverslip  wrought  steel  floor  plates  are  made  from  24  in.  X  72  in.  to  36  in. 
X  120  in.,  and  from  3/16  in.  to  1  in.  thick.  These  plates  are  designed  to  take  the  place 
of  the  cast  iron  checkered  plates  formerly  used  for  floors,  weigh  about  50  per  cent  less 
and  last  much  longer.  The  stock  sizes,  weights  and  safe  loads  for  Neverslip  floor  plates 
are  given  in  the  Stock  List  of  the  Scully  Steel  Co.,  Chicago.  These  lists  are  issued 
about  six  times  a  year  and  will  be  sent  free  upon  request. 


CHAPTER  XXXIII. 
Windows,  Skylights  and  Ventilators. 

Introdttction. — ^AU  industrial  buildings  should  be  provided  with  adequate  window 
area.  The  windows  and  skylights  should  be  so  arranged  and  designed  that  the  darkest 
work  space  shall  be  lighted  with  at  least  three  times  the  minimum  intensities  required 
for  artificial  light.  For  satisfactory  lighting  conditions  the  light  must  be  adequate, 
must  be  continuous  and  must  be  diffused.  The  windows  and  skylights  should  be  so 
arranged  as  to  avoid  a  glare  due  to  the  sun's  rays;  the  light  should  be  reflected  light, 
or  the  direct  rays  of  the  sun  should  be  shaded. 

Daylight  illumination  may  be  provided  (1)  by  windows  in  the  vertical  sides  of  the 
buildings  or  in  the  nearly  vertical  sides  of  saw  teeth  or  monitors ;  (2)  by  skylights  set 
nearly  horizontal,  and  (3)  by  prismatic  glass  which  changes  the  direction  of  the  light. 

The  amount  of  glazed  surface  required  in  industrial  buildings  will  depend  upon  the 
use  to  which  the  building  is  to  be  put,  the  material  used  in  glazing,  the  location  and  angle 
of  the  windows  and  skylights,  and  the  clearness  of  the  atmosphere.  In  glazing  windows 
for  mills  and  factories  in  which  the  determination  of  color  is  a  necessary  part  of  the  work, 
care  should  be  used  to  obtain  a  clear  white  glass,  for  the  reason  that  ordinary  com- 
mercial glass  breaks  up  the  light  passing  through  it  so  that  the  determination  of  color 
is  difficult.  For  schools  it  is  common  to  provide  that  the  window  area,  where  all 
lighting  comes  through  the  side  walls,  shall  not  be  less  than  20  to  25  per  cent  of  the 
floor  area. 

Height  of  Windows. — The  Wisconsin  Industrial  Commission  requires  that  for 
factories  and  industrial  buildings  the  glass  area  shall  not  be  less  than  20  per  cent  of  the 
floor  area,  and  that  the  distance  of  any  working  position  from  the  windows  shall  not  ex- 
ceed 2.25  times  the  height  of  the  top  of  the  window,  where  windows  are  on  one  side  only, 
and  4.5  times  this  height  where  the  windows  are  on  both  sides. 

It  is  usual  to  assume  that  effective  reflected  light  coming  through  a  vertical  window 
is  limited  by  planes  making  60**  and  26**  35'  with  the  vertical.  If  the  entire  floor  is 
to  be  reached  by  effective  reflected  light  a  building  with  windows  on  one  side  should 
have  a  span  not  greater  than  2  times  the  height  of  the  top  of  the  window,  and  a  span 
of  not  greater  than  4  times  the  height  of  the  top  of  the  window  when  windows  are  on 
two  sides.  This  is  the  standard  practice  in  Germany.  The  window  sills  should  be 
placed  at  a  height  of  3  ft.  6  in.  to  4  ft.  above  the  floor.  For  a  building  with  a  span  of 
60  ft.  the  windows  should  have  a  height  of  not  less  than  15  ft.  above  the  floor.  Where 
the  span  of  the  building  is  greater  than  permitted  by  the  above  requirements  it  is 
necessary  to  provide  skylights,  or  to  use  prismatic  glass  in  the  upper  parts  of  the 
windows. 

Design  of  Skylights. — The  angle  of  reflected  light  coming  through  a  horizontal 
skylight  is  usually  taken  as  45^  with  the  horizontal.  For  effective  lighting  the  skylights 
should  be  so  spaced  that  all  parts  of  the  floor  area  at  the  working  height  shall  be  reached 
by  the  light  coming  through  the  skylight,  as  shown  in  Fig.  8,  Chapter  XXV. 
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Amount  of  Ught  Required. — ^The  amount  of  glazed  surface  in  an  industrial  building 
will  therefore  depend  upon  the  span,  the  stor}"^  height,  the  position  of  the  glazed  area 
and  upon  the  quality  of  the  glass.  The  present  tendency  in  shop  and  factory  design  is 
to  make  as  much  of  the  side  walls  and  roof  as  possible  of  glass.  Many  factory  building? 
have  from  50  to  60  per  cent  of  the  exterior  surface  of  glass. 

The  Steam  Engineering  Building  of  the  Brooklyn  Navy  Yard  has  60  per  cent  of 
the  exterior  surface  made  of  windows  and  skylights. 

In  the  shops  of  the  Public  Service  Corporation  shown  in  Fig.  2,  Chapter  XXVI, 
the  skylight  area  is  about  20  per  cent  of  the  roof  area,  the  window  area  is  about  45  per 
cent  of  the  outside  walls,  while  28  per  cent  of  the  entire  outside  surface  of  the  building 
is  of  glass. 

In  the  machine  shop  built  at  Nitro,  W.  Va.,  Fig,  10,  Cliapter  XXVI,  60  per  cent 
of  the  side  walls  are  of  glass,  while  23  per  cent  of  the  total  exterior  surface  is  glazed. 

The  Central  Railway  of  New  Jersey  shops  at  Elizabeth,  N.  J.,  have  skylights 
made  of  translucent  fabric  in  the  different  buildings  in  per  cents  of  the  entire  roof  surface 
as  follows:  Blacksmith  shop  30  per  cent;  machine  shop  36  per  cent;  paint  and  repair 
shop  55  per  cent. 

About  25  per  cent  of  the  roof  of  the  St.  Louis  train  shed  is  skylight. 

In  the  American  Car  and  Foundry  Company's  shop  at  Detroit,  about  27  per  cent 
of  the  exterior  surface  is  ribbed  glass. 

Specifications  for  Windows  and  Skylights. — ^The  requirements  for  windows  and 
skylights  as  given  in  the  author's  specifications  in  Appendix  I  are  as  follows: — 


Windows  and  Skylights. — ^Where  buildings  are  lighted  by  windows  the  clear  window 
sh^l  not  be  less  than  20  per  cent  of  the  floor  area,  nor  less  than  10  per  cent  of  the  area  of  the 
entire  exterior  surface  in  mill  buildings,  nor  leas  than  20  per  cent  of  the  area  of  the  entire  exterior 
surface  in  machine  ^ops.  factories  and  other  buildines  in  which  men  are  required  to  work  at 
machines.  Skylights  shall  be  used  where  the  required  window  area  cannot  be  provided  in  the 
sides  and  ends  of  ouildings. 

Where  buildings  are  lighted  by  windows  having  the  sHIs  not  more  than  4  ft.  above  the  floor, 
the  span  of  the  building  shall  not  exceed  2  times  the  height  of  the  top  of  the  windows  where  build- 
ings are  lighted  by  windows  in  one  side,  or  4  times  the  height  of  the  top  of  the  windows  where 
buildings  are  lighted  by  windows  in  both  sides.  Where  the  span  of  the  building  is  greater  than  ia 
permitted  by  the  preceding  requirement,  the  necessarv  illumination  shall  be  provided  either  by 
prism  glass  m  side  walls  or  by  skylights.  Skylights  shall  have  such  an  area  and  shall  be  so  ar- 
ran^^  that  light  coming  through  the  dcylight  making  an  angle  of  not  more  than  45^  with  the 
vertical  shall  cover  the  entire  horizontal  area  at  a  distance  of  6  feet  above  the  floor;  or  the  light 
may  be  diffused  by  means  of  ribbed  glass  or  prisms  or  by  reflection  from  the  ceiling  to  obtain 
equally  satisfactory  illumination.  In  saw  tooth  roofs  the  inner  surface  of  the  roof  shall  be  light 
colored  or  shall  be  painted  with  a  paint  that  will  reflect  the  light  and  make  the  illumination  unifonn 
and  effective.  All  windows  or  skylights  admitting  direct  sunlight  shall  be  provided  with  muslin 
or  other  satisfactory  shades. 

Glazing. — For  glazing  windows  and  skylights,  two  substances,  glass  and  trans- 
lucent fabric  ("  rubber  glass  *'),  are  in  common  use. 

GLASS. — The  principal  kinds  of  glass  used  in  windows  and  skylights  are  (1)  plane 
or  sheet  glass;  (2)  rough  plate  or  hammered  glass;  (3)  ribbed  or  corrugated  glass; 
(4)  maze  glass;  (5)  wire  glass — glass  with  wire  netting  pressed  into  it;  (6)  ribbed  wire 
glass,  and  (7)  prisms. 

(1)  Plane  Glass. — Plane  or  common  window  gla.ss  is  technically  known  as  sheet 
or  cylinder  glass.  It  is  made  by  dipping  a  tube  in  molten  glass  and  blowing  the  ^ass 
into  a  cylinder,  which  is  then  out  and  pressed  out  flat.    Without  regard  to  quality  sheet 
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glass  is  divided  according  to  thickness  into  "single  strength"  and  "double  strength" 
^ass.  Double  strength  glass  is  |  inch  thick  while  single  strength  glass  is  about  i^  inch 
thick.  In  mill  buildings,  lights  larger  than  12  in.  X  14  in.  are  usually  made  of  double 
strength  glass.  With  reference  to  quality  sheet  glass  is  divided  into  three  grades  AA, 
A,  and  B.  The  AA  is  the  best  quality,  the  A  ia  good  quality  while  the  B  is  fair  quality. 
For  residences,  offices,  and  similar  purposes  nothing  poorer  than  A  should  be  specified. 
The  B  grade  does  very  well  for  ordinary  mills,  although  the  A  grade  should  be  used  if 
practicable. 

(2)  PUte  Glass. — Plate  glass  is  made  by  luting  and  not  by  blowing,  and  is 
finished  by  grinding  and  polishing  on  both  sides  until  a  smooth  surface  in  obtained. 
It  is  usually  J  or  ^  in.  thick.  The  price  depends  upon  the  size  of  the  plate  and  the 
quality  of  the  glass.  The  rough  plate  glass  used  in  mills  is  not  finished  as  carefully  as 
for  glass  fronts,  and  it  may  contain  many  flaws  that  would  not  be  allowable  in  the  former 
case.  The  roughened  surface  of  the  glass  prevents  the  entrance  of  direct  sunlight  and 
does  away  with  the  use  of  sun-shades.  The  only  vnlue  of  rough  plate  glass  is  in  softening 
the  light,  the  loss  of  light  in  passing  through  it  being  very  great. 

(3)  Ribbed  or  Corrugated  Glass. — Ribbed  or  corrugated  glass  is  usually  smooth 
on  one  side  and  has  5,  7, 11  or  21  ribs  on  the  other  side,  (a)  Fig.  1.  It  varies  in  thickness 
and  shape  of  ribs.  "Factory  ribbed"  glass  with  21  ribs  to  the  inch  is  distinctly  the 
most  effective. 
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(4)  Maze  Glass. — Maze  glass  has  one  side  smooth  and  has  a  raised  pattern  on  the 
other  side  roughening  practically  the  entire  surface,  (b)  Fig.  1.     It  is  quite  effective. 

(5)  Wire  Glass. — Wire  glass  is  made  either  by  the  "sandwioii"  method  in  which 
wire  netting  is  placed  between  two  plates  of  glass  which  are  then  rolled  together,  or  by 
the  "solid"  method  where  the  wire  netting  is  rolled  into  one  plate  of  molten  glass. 
The  "solid"  method  produces  a  clearer  and  a  stronger  glass.  Wire  glass  is  injured  but 
is  not  destroyed  by  the  action  of  fire  and  water,  and  is  now  accepted  by  fire  insurance 
companies  as  fire  proof  construction  where  It  is  set  in  solid  metal  frames  as  specified. 

Standard  specifications  for  wire  glass  for  factory  buildings  are  as  follows: — 

Wire  glass  shall  have  a  thickness  of  not  leas  than  }  in.  The  wire  mesh  shall  not  be  larger 
than  {  in.,  and  the  thickneaa  of  the  wire  aholl  not  be  less  than  No.  24  B,  di  g.  gage  for  siogle 
wire  or  leas  than  No.  27  B,  &  S.  saKe  for  double  twisted  wire.  The  wire  shall  be  practicdly 
midway  between  the  two  mufoces  as  gks.    Lights  shall  not  have  a  greater  area  than  720  sq.  in.. 
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or  more  than  54t  in.  vertical  and  48  in.  horizontal  dimension.  Lights  of  glass  shall  preferably 
be  12  in.  by  18  in.  or  14  in.  by  20  in.  The  selvage  shall  be  removed  from  the  glass  before  setting. 
The  bearing  of  glass  in  grooves  shall  not  be  less  than  f  in.  at  all  points,  and  there  shall  be  a  clear- 
ance of  not  less  than  i  m.  between  the  edge  of  the  frame  and  the  glass. 

Wire  glass  should  be  used  for  practically  all  factory  and  mill  windows  where 
prisms  are  not  required.  Wires  of  rather  open  mesh  cause  so  little  reduction  in  light 
as  to  warrant  no  mention  of  this  feature.  Wire  or  ribbed  glass  gives  better  diffusion 
than  plane  glass. 

(6)  Corrugated  wire  glass  is  made  with  corrugations  2^  in.  wide  and  with  corruga- 
tions of  two  depths,  deep  corrugatjpns  for  a  corrugated  asbestos  roof,  and  shallow 
corrugations  for  a  corrugated  steel  roof.  The. sheets  are  about  26j  in.  wide  and  are 
42  in.  and  63  in.  long.  Special  lengths  of  sheet  may  be  obtained  up  to  126  in.  The 
glass  is  from  }  in.  to  ys  ^^'  thick,  and  the  weight  is  4f  lb.  per  sq.  ft.  The  sheets  are 
laid  without  any  side  lap,  and  with  an  end  lap  of  about  2  in.  The  sheets  are  bolted 
to  the  purlins  or  girts  and  the  space  between  the  sheets  is  covered  with  a  layer  of 
asphalt  rooting  and  a  metal  cover  cap. 

(7)  Prisms. — Prisms  are  made  in  small  sections  which  are  set  in  a  frame  of  lead 
or  other  metal,  or  are  made  in  sheets  as  shown  in  (c).  Fig.  1.  Luxfer  sheet  prisms, 
manufactured  by  the  American  Luxfer  Prism  Co.,  Chicago,  will  be  cut  in  any  size 
desired  up  to  84  in.  wide  (parallel  with  the  saw  teeth)  by  36  in.  high. 

Diffusion  of  Light. — The  light  entering  a  room  through  a  window  or  skylight 
comes  for  the  most  part  from  the  sky  and  has,  therefore,  a  general  downward  direction, 
varying  with  the  time  of  day  and  the  position  of  the  window.  The  portion  of  the 
room  which  receives  the  most  light  ordinarily  is  the  floor  near  the  windows,  but  if  we 
interpose  a  dispersive  glass  in  this  beam  the  light  will  no  longer  fall  to  the  floor  but 
will  be  spread  out  into  a  broad  divergent  beam  falling  with  nearly  equal  intensity  on 
walls,  ceiling  and  floor.  There  is  of  course  no  gain  in  the  total  amount  of  light  admitted, 
the  light  being  simply  redistributed,  taking  up  from  the  floor  that  which  fell  there  and 
was  comparatively  useless,  and  sending  it  where  it  is  of  more  service. 

Experiments  have  shown  that  the  diffusion  of  light  in  a  room  lighted  by  means  of 
windows  or  skylights  depends  upon  the  kind  and  position  of  the  glass  used.  The  relative 
intensity  of  the  light  admitted  in  per  cents  of  the  light  outside  the  window  for  plane 
glass,  factory  ribbed  glass,  Luxfer  and  canopy  prisms  is  shown  in  Fig.  2.* 

Fig.  2  shows  a  great  increase  in  efiiciencj''  of  factory  ribbed  glass  and  prisms  as  the 
sky  angle  increases. 

The  equivalent  areas  required  to  give  the  same  intensity  of  light  with  the  kinds 
of  glass  shown  in  Fig.  2,  arc  given  in  Table  I  for  skylights  making  angles  of  30**  and  60° 
with  the  horizontal. 

TABLE  I. 
Equivalent  Areas  for  Different  Kinds  of  Glass. 


Kinds  of  Glaas. 


Plane 

Factory  Ribbed 

Luxfer  Prisms 

Luxfer  Canopy  Prisms 


Angle  Skylight  makes  with  the  Horuontal. 


30° 


100  sq.  ft. 

17    "     " 
13    "    " 


60*» 


lOO  sq.  ft. 
40  "  " 
30   "     " 


♦  Report  No.  III.    Insurance  Engineering  Experiment  Station,  Boston,  Mass. 
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The  American  Luxfer  Prism  Co.  recommends  that  Luxfer  prisms  be  set  at  an 
angle  of  about  57  degrees  with  the  horizontal  when  used  in  skylights. 

50 


Vanafion  of  Light 
with 
ofSkyllghf 

Direct  Sunlight 


%.  0 


W     W      50"      60''     70' 


80' 


Angle  skylight  makes  with  horizontal 

Fig.  2 

The  amount  of  indirect  light  passing  through  any  skylight  varies  with  the  solid 
angle  of  exposure.  A  horizontal  skylight  on  a  high  building  where  there  are  no  dis- 
turbing influences  will  have  an  exposure  represented  by  a  solid  angle  of  180  degrees; 
while  a  vertical  skylight  will  have  an  exposure  represented  by  a  solid  angle  of  90  degrees. 
The  intensity  of  the  light  passing  through  the  horizontal  skylight  will  be  twice  the 
intensity  of  the  light  passing  through  the  vertical  sash.  While  a  flat  skylight  will  ad- 
mit the  largest  amount  of  light  it  will  also  admit  direct  sunlight.  Saw  tooth  skylights 
have  the  north  side  glazed,  and  the  angle  between  the  glazed  surface  and  the  horizontal 
is  made  sufficiently  large  to  shut  out  the  direct  rays  of  the  sun.  In  a  latitude  of  40® 
the  glazed  leg  of  a  saw  tooth  roof  should  be  set  at  an  angle  of  about  70®  with  the  hori- 
zontal to  shut  out  all  sunlight.  The  projection  of  the  top  of  the  roof  will  shut  out 
some  of  the  light,  and  will  reduce  the  angle  to  about  60®  with  the  horizontal.  There  is 
ordinarily  no  great  objection  to  a  small  amount  of  sunlight  in  the  early  morning  and 
in  the  late  afternoon,  and  an  angle  o(  57®  to  60®  with  the  horizontal  for  the  glazed 
leg  of  a  saw  tooth  roof  will  be  found  to  give  very  satisfactory  results  for  latitudes  of  35® 
to  45®. 

Relative  Value  of  Different  Kinds  of  Glass. — Ground  glass  is  of  little  value  except 
as  a  softening  medium  for  bright  sunlight.  It  becomes  opaque  with  moisture  and  makes 
an  undesirable  window  glass.  Roughened  plate  glass  has  very  little  value  as  a  diffusing 
medium.  Of  the  ribbed  glasses,  the  factory  ribbed  glass  with  21  ribs  to  the  inch  gives 
the  widest  and  most  uniform  distribution  and  is  distinctly  the  best.  There  is  no 
apparent  gain  in  corrugating  both  sides.  Ribbed  wire  glass  is  slightly  less  effective 
than  the  factory  ribbed  glass.  When  a  glass  of  a  slightly  better  appearance  than  the 
factory  ribbed  glass  is  wanted  the  maze  glass  is  the  best;  the  raised  pattern  imprinted 
on  the  back  of  this  glass  giving  wide  diffusion,  especially  in  bright  sunlight.  The  prisms 
are  very  much  more  effective  than  any  of  the  glasses  mentioned  above,  but  their  cost 
prevents  their  use  under  ordinary  conditions. 
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Kind  of  Glass  to  Use. — Where  the  amount  of  skylight  is  large  and  the  light  is  not 
obstructed  by  buildings,  plane  glass  is  very  satisfactory.  Where  a  superior  light  is 
desired,  or  where  the  skylight  area  is  less  than  ample,  use  factory  ribbed  glass  in  sky- 
lights and  in  the  upper  panes  of  windows.  Where  the  skylight  area  is  very  small,  the 
light  is  obstructed,  or  a  very  superior  light  is  desired,  use  prisms.  Wire  glass  should  be 
used  where  there  is  danger  from  fire  and  in  skylights,  where  it  removes  the  necessity  of 
stretching  wire  netting  under  the  glass  to  protect  it  and  to  prevent  it  from  falling  into 
the  building  when  broken. 

Placing  the  Glass. — Factory  ribbed  glass  is  somewhat 'more  effective  if  the  ribs 
are  placed  horizontally,  but  the  lines  of  light  deflected  from  the  horizontal  ribs  may  be- 
come injurious  to  the  workmen's  eyes  and  it  is  now  the  custom  to  set  the  ribs  vertical. 
Ribbed  glass  should  have  the  ribs  on  the  inside  for  ease  in  keeping  it  clean,  and  where 
double  glass  is  used  the  ribs  should  face  each  other  and  be  crossed.  Care  should  be 
used  in  setting  thick  wire  glass  in  metal  frames;  the  lower  edge  must  bear  directly  on 
the  frame,  but  the  top  and  sides  should  fit  loosely  so  that  the  differential  expansion 
of  the  glass  and  frame  will  not  crack  the  glass.  Plane  glass  and  small  panes  of  other 
kinds  of  glass  are  set  with  glaziers'  tacks  and  putty.  In  skylights  and  large  windows 
some  method  must  be  used  that  will  allow  the  glass  to  expand  and  contract  freely 
and  at  the  same  time  will  be  free  from  leakage. 

Several  methods  of  glazing  skylights  without  putty  are  shown  in  Fig.  3.    Skylight 


Lead 


^6i35Ss 


,  'Putty 


5t2ef 


(3) 


(b) 


(C) 
Fig.  3. 


(d) 


(e) 


bar  (a)  is  made  of  heavy  galvanized  iron  and  lead.  Bars  (b)  and  (c)  are  made  of  zinc 
or  galvanized  iron,  supported  by  a  steel  bar.  Bar  (d)  is  adapted  to  small  panes  of 
glass  and  is  made  of  galvanized  iron;  it  is  mkide  water  tight  by  the  use  of  putty. 
The  skylight  bars  in  Fig.  3  all  have  condensation  gutters  to  catch  the  moisture  that 
leaks  through  or  forms  on  the  inner  surface  of  the  glass. '  For  details  of  steel  skylights 
see  Fig.  20  and  Fig.  21. 

SKYLIGHTS. — Skylights  may  have  the  glazed  surface  (1)  in  the  plane  of  the  roof 
or  (2)  the  glazed  surface  may  be  in  surfaces  not  in  the  plane  of  the  roof. 

Skylights  in  Plane  of  Roof. — Glass  tile  may  be  used  with  clay  tile.  The  Ludowici 
tile  roof  in  Fig.  9,  Chapter  XXV,  is  lighted  by  substituting  glass  tile  for  the  clay  tile. 
In  the  shop  building  at  the  University  of  Colorado  the  skylights  in  the  roof  were  made 
of  glass  Ludowici  tile  laid  on  sub-purlins.  The  results  are  very  satisfactory.  Glass 
inserts  may  be  placed  in  cement  tile.  In  Fig.  2,  Chapter  XXIX,  wire  glass  14  in.  by 
24  in.  is  inset  in  the  ''Bonanzo"  cement  tile  slabs.  Flat  sheets  of  wire  glass  may  be 
supported  on  a  special  frame,  arranged  to  drain  the  roof  water  and  to  provide  for  the 
expansion  of  the  glass. 
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Corrugated  wire  glass  in  sheets  26}  in.  vride  and  42  in.  to  63  in.  long  and  }  in.  thick 
may  be  used  for  skylights.  Corrugated  wire  glass  should  be  used  on  pitch  roofs,  and 
is  especially  satisfactory  in  a  corrugated  steel  roof,  or  in  ^  corrugated  asbestos  covered 
steel  roof. 

Translucent  fabric  or  rubber  glass  is  especially  suitable  for  skylights  in  mining 
buildup  or  other  structures  subject  to  vibrations. 


(a)  Gable  Skylight 

(b)  Le3n-h  Skylight. 

(c)  Hipped  Skylight 

(d)  Flat  Skylight 


(e)  Sawtooth  Skylight 

Fig.  4.     Types  of  Sktuqhts. 

Sk^ights  Not  in  Plane  of  Hoof. — Se^'eral  types  of  box  skylights  are  shown  in  Fig.  4. 
For  long  buildings  with  a  pitch  roof  the  monitor  skylight.  Fig.  20  and  Fig.  21,  is  very 
effective.  The  monitor  skylight  has  the  glass  continuous,  and  usually  has  part  of  the 
sash  hinged  to  give  ventilation.  The  monitor  skylight  is  very  effective  in  buildings 
which  consist  of  a  central  bay  and  two  side  sheds  as  in  the  mnchine  shop  at  Nitro,  W.  Va., 
shown  in  Fig.  10,  Chapter  XXVI,  and  in  the  Steam  Engineering  Building  at  the 
Brooklyn  Navy  Yard,  shown  In  Fig.  II,  Chapter  XXVI. 
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For  buildings  with  roofs  with  a  flat  slope  the  transverse  monitor,  Fig.  8,  Chapter 
XXV,  is  very  effective.  To  give  effective  lighting  the  monitors  should  be  spaced  as 
shown  in  Fig.  8,  Chapter  XXV. 

The  saw  tooth  skylight  is  very  effective  where  only  tiorth  reflected  light  is  desired. 
While  the  saw  tooth  skylight  is  somewhat  more  effective  when  the  glass  is  placed  at 
an  angle  of  about  60**  with  the  vertical,  the  vertical  sash  in  the  modified  saw  tooth  roof, 
Fig.  5,  Chapter  XXV,  and  Fig.  2,  Chapter  XXVI,  are  very  satisfactory  on  account 
of  the  greater  height  of  sash.  The  valley  gutters  in  the  ordinary  saw  tooth  roof  must 
be  well  flashed  and  the  glass  placed  sufficiently  high,  or  the  banking  up  of  snow  will 
cause  leakage.  The  details  of  the  sash  and  of  the  drainage  are  much  more  satisfactory 
in  the  modified  saw  tooth  roof  than  in  the  ordinary  type  of  saw  tooth  roof. 

The  method  of  lighting  from  skylights  in  the  gable  ends  of  alternate  elevated  sec- 
tions of  the  roof  as  shown  in  Fig.  11,  Chapter  XXV,  is  very  effective.  With  a  building 
with  the  main  axis  placed  north  and  south,  indirect  lighting  may  be  obtained  by  glazing 
the  north  gable  of  each  raised  portion  of  the  roof. 

For  additional  methods  of  lighting  buildings  by  means  of  skylights,  see  Chapter 
XXV 

Use  of. Window  Shades. — Where  factory  ribbed  glass  is  placed  so  as  to  throw 
light  on  the  ceiling,  screens  or  shades  are  seldom  required;  however,  under  ordinary 
conditions  shades  are  necessary  when  brightT sunlight  strikes  the  window.  The  glass 
used  in  factory  ribbed  and  rough  plate  glass  as  made  in  England  is  somewhat  opaque, 
and  the  atmosphere  is  somewhat  hazy,  so  that  the  use  of  shades  in  their  shops  is  in 
most  cases  unnecessary.  The  glass  made  in  this  country  is  so  clear  and  our  atmosphere 
is  so  translucent  that  it  has  been  found  necessary  to  use  shades  where  windows  are 
exposed  to  direct  sunlight.  The  most  effective  and  satisfactory  shade  is  a  thin  white 
cloth,  which  cuts  off  about  60  per  cent  of  the  light.  Shades  should  be  so  arranged 
that  they  may  be  raised  from  the  bottom.  This  will  reduce  the  illumination  near  the 
window  without  affecting  the  interior  of  the  room  to  any  extent. 

TRANSLUCENT  FABRIC— Translucent  fabric  or  "  rubber  glass  "  consists  of  a 
wire  cloth  imbedded  in  a  translucent,  impervious,  elastic  material,  probably  made  of 
linseed  oil.  The  fabric  may  be  bent  double  without  cracking  and  is  so  elastic  that 
changes  due  to  temperature  or  vibrations  do  not  affect  it.  If  a  sheet  of  translucent 
fabric  is  suspended  and  a  fire  applied  to  the  edge,  it  will  burn  up  leaving  a  carbonaceous 
covering  on  the  wire;  but  if  the  edges  are  protected  it  will  burn  only  with  great  diffi- 
culty. Live  coals  falling  on  skylights  of  this  material  will  char  and  burn  holes  but  will 
not  set  fire  to  the  fabric.     It  is  therefore  practically  fireproof. 

Translucent  fabric  will  not  transmit  as  much  light  as  glass,  but  makes  a  most 
excellent  substitute.  It  shuts  off  sufficient  light  so  that  the  lighting  is  uniform 
throughout  the  shop  and  makes  it  possible  for  men  to  work  directly  under  it  without 
shading.  Where  one-quarter  of  the  roof  is  covered  with  the  fabric  the  lighting  is 
practically  perfect.  The  fabric  should  be  washed  with  castile  soap  and  warm  water 
occasionally,  and  should  be  varnished  every  year  or  two  with  a  special  varnish  furnished 
by  the  manufacturers.  It  is  said  to  become  more  opaque  with  age.  When  properly 
cared  for  the  fabric  has  been  known  to  give  good  service  for  ten  years. 

The  fabric  is  made  in  long  rolls  34  in.  and  38  in.  wide.  The  38  in.  width  is  used 
for  a  spacing  of  18  in.  on  centers,  and  the  34  in.  width  is  used  for  a  spacing  of  16  in,  on 
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centers.  The  framework  for  the  fabric  may  be  made  of  wood  or  of  steel.  When 
made  of  wood  the  vertical  bars  are  made  of  2-in.  stock  dressed  to  If  in.  The  nominal 
sizes  for  the  bars  for  different  spans  are  2  in.  X  4  in.  for  6  ft.  span,  and  2  in.  X  6  in.  for 
10  ft.  span.  The  top  of  each  vertical  bar  should  be  finished  with  a  vertical  symmetrical 
triangle  ij  in.  wide  and  |  in.  high.  The  vertical  bars  should  be  spaced  not  more  than 
18  in.  centers.  The  fabric  is  placed  on  this  framework,  is  drawn  tight  and  nailed  on  the 
outside  edges  of  the  sheet  with  special  nails  spaced  from  3  in.  to  6  in.  The  fabric  is 
then  stretched  over  the  middle  vertical  bar  by  means  of  a  forming  block,  a  metal  cap 
is  then  placed  over  the  middle  cap,  and  the  cap  is  nailed  with  8d  nails,  spaced  8  in.  apart. 
When  more  than  one  sheet  is  used  in  a  skylight,  the  laps  are  cemented  together  with 
rubber  glass  cement.  Plans  for  skylights  will  be  furnished  on  application  to  the  Angier 
Mills,  Quincy,  Mass. 

Mr.  H.  Kenyon  Burch,  consulting  engineer,  has  used  rubber  glass  on  several 
large  mining  plants  in  Arizona  and  Mexico.  Under  date  of  Dec.  17,  1920,  Mr.  Burch 
wrote  the  author  with  reference  to  the  use  of  rubber  glass  as  follows: — *'I  cannot  vouch 
for  the  service  that  rubber  glass  will  render  in  colder  climates,  but  in  the  southwest  it  is 
absolutely  the  best  material  I  know  of  for  skylights,  as  the  skylights  with  its  use  can  be 
made  perfectly  watertight.  It  is  true  that  the  material  becomes  slightly  opaque  after 
a  few  years'  service,  but  I  consider  this  somewhat  of  an  advantage  as  it  subdues  the 
very  strong  sunlight  which  we  have  in  Arizona  and  parts  adjacent  thereto.  It  is  my 
opinion  that  10  years'  service  is  not  too  much  to  expect  of  rubber  glass." 

Double  Glazing. — The  condensation  on  the  inner  surface  of  glass  can  be  prevented 
by  double  glazing  the  windows  and  skylights.  Buildings  with  double  glazing  are  also 
very  much  easier  to  heat  than  those  with  single  glazing,  the  air  space  between  the  sheets 
of  glass  acting  as  an  almost  perfect  non-conductor  of  heat.  For  data  on  heat  trans- 
mission of  windows,  see  Chapter  XXX. 

Details  of  Windows  and  Skylights. — The  details  of  windows  in  use  in  different 
sections  of  the  country  vary  a  great  deal  on  account  of  the  varied  conditions.  In 
buildings  that  have  to  be  heated  and  ventilated  through  the  windows  at  the  same  time, 
it  is  necessary  to  provide  some  means  of  opening  and  closing  the  windows  quickly  and 
easily;  while  in  many  other  cases  the  sash  can  remain  fixed.  The  author  would  call 
especial  attention  to  the  saving  in  fuel  by  the  use  of  double  glazing;  the  loss  of  heat 
through  a  double  glazed  skylight  has  been  shown  by  experiment  to  be  only  about  one- 
half  what  it  is  through  a  single  glazed  skylight.  To  prevent-  condensation  on  the  inner 
side  of  double  glazed  windows  the  outside  air  should  be  admitted  to  the  space  between 
the  glass  by  means  of  openings  about  |  in.  in  diameter. 

Details  of  windows  for  use  in  ordinary  brick  and  stone  walls  can  be  found  in  books 
on  architectural  construction  and  will  not  be  given  here.  A  few  of  the  best  designs 
available  for  windows  in  buildings  with  corrugated  steel,  expanded  metal  and  plaster, 
and  similar  walls,  have  been  selected  and  are  given  on  the  following  pages. 

The  different  types  of  windows  for  buildings  covered  with  corrugated  steel  siding 
as  used  by  the  American  Bridge  Company  are  shown  in  Figs.  7  to  12  inclusive. 

The  sash  frames  are  constructed  of  white  pine  and  are  glazed  usually  with  B 
quality  American  glass.  The  common  sizes  of  glass  used  in  these  windows  are 
10  in.  X  12  in.,  12  in.  X  12  in.,  10  in.  X  14  in.  and  12  in.  X  14  in.  single  strength. 
For  lights  larger  than  12  in.  X  14  in.,  double  strength  glass  is  used.     Data  for  wooden 
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DiMeNSfONS  FOR  6LA2ED  WoOD  SA^ 
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Quality  of  6lass 

"B' American  Single  Strength 

''B^ American  DoMe  Strength 

iO'xiZ"     12'*  12'      10'*  14"     12'*  14' 

I0'*I6''     I2'^I6'  1  I4'*i6' 

All  sash  to  be  Ij  thick,  except  Sliding  Sash,  Pivoted  Sash,  and  Single  Sash  (or  one 
l?alF  oF  Double  Sash)  exceediig  4  o  high  or  4^0'mde,  ivhich  should  be  made  1^' thick* 

Top  Rails  2^*^ Stiles  ?^'-  Bottom  Rail  3'*  Muntins  §'• 

Pivoted  Sash,  4  lights  high  or  over,  to  have  one  Horizontal Muntin  /j  thick;  all 
other  Sash,  6  lights  high  or  over,  to  have  one  Horizontal  Mtmtin  I j' thick* 

Pivoted  Sash,  4  lights  wide  or  over,  to  have  one  Urt/ca/  Muntfn  /j  'thkk;  all 
other  Sash,  Slights  wide  or  over,  to  have  one  Urtical  Munt/n  /j  'thkdc  • 

/br  Pivoted  Sash  4andSlifbtshigharmds,  add  1^' to  Figures  given  in  above  tables* 

Fio.  5.     Dimensions  and  Data  for  Glazed  Wood  Sash. 

American  Bridge  Company. 


GLAZED  WOOD  SASH. 


Fio.  6.     Dimensions  for  Glazed  Wood  Sash. 
AusRicAK  Bridge  Company. 
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sash  are  given  in  Fig.  5  and  Fig.  6.  The  window  shown  in  Fig.  11  is  used  where  light 
is  desired  without  ventilation.  This  detail  is  used  principally  for  monitor  ventilators 
or  for  windows  placed  out  of  reach.  Where  it  ia  desirable  to  obtain  ventilation  as  well 
as  light  the  window  frame  with  sliding  sash  shown  in  Fig.  12  is  used. 


m£ffl/NS  W£ISMTEl>  iVlMD^rS 
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Data  for  Double  Hunq  Weighted  Windows. 
American  Bridge  Coufany. 


STEEL  WINDOWS.— Windows  with  steel  sa-ih  and  steel  frames  are  now  used  in 
fireproof  buildings  and  are  generally  used  in  all  industrial  buildings.    The  windows  are 


COUNTERBALANCED  WINDOWS. 
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Data  for  Counterbalanced  Windowb. 

AUEBICAN   BbIDOE   CoUFANT. 
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PiVOT£D  WNDOWS 
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For  Sliding  Windms  use  above  data  except  no  Sash  Clearance,  and  add  B^' for  meeting  raih 


Fig.  9.    Data  for  Pivoted  Windows.    American  Bridge  Company. 


FIXED  SASH  IN  MONITORS. 
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generally  glazed  with  wire  glass  i  in.  thick.     Window  sash  may  be  fixed,  or  may  be 
opened  by  swinging,  or  by  sUding  horizontally  or  vertically. 

In  Fig.  13,  (a)  to  (g)  inclusive,  are  windows  with  fixed  sash  with  ventilatoK  in 
different  positions;  (h)  is  a  window  with  horisontal  sliding  sash;  (i)  is  a  window  with 


every  5  Feet 

^-li'^y Strip 

sy^s-'csp 


Note  -Ifsashare  fixee/coniAHie  stt^s  a? 
STfftux/ exempt  across  sUloa  outaA^  • 


Data  fob  Continuocb  Pivoted  and  Fixed  Sash  in  Monitohs. 
American  Bridge  Compant. 


a  sash  which  swings  outward;  (j)  is  a  window  with  counterbalanced  sash;  (k)  is  a 
window  with  a  fixed  sash  and  a  swinging  ventilator;  (I)  is  a  window  with  a  swinging 
sash;  while  (m)  is  a  window  with  swinging  sash  with  weather  strips  to  prevent  the  storm 
from  beating  into  the  building. 

Steel  sash  are  made  by  many  different  firms.  While  the  main  dimensions  of  the 
windows  made  by  the  different  firms  are  practically  standard,  each  firm  uses  different 
rolled-steel  sections,  different  details  and  different  operating  devices. 
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i  ~I4  l^~>l.i<:tr' 
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FiQ.  11.     Data  for  Contindod3  Fixed  Sash. 
American  Bridge  CoupANr. 


SLIDING  SASH. 
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Standard  dimensions  for  steel  sash  are  given  in  Fig.  14.  It  should  be  noted  that 
more  steel  is  used  with  sinal]  sizes  of  gloss  than  with  Itirge  sizes,  and  that  sash  with 
email  sizes  of  glass  are  therefore  stronger  than  sash  with  lat^  sizes.  The  r 
sizes  of  sash  given  In  Fig.  14  are  for  glasa  14  in.  by  20  in.    For  glass  10  in.  by  16  ii 


CONTTNUOUS  SUDINS  SASH 


'jmii'fi'.i 


/  "//  lag  Scrvt¥' 


Data  for  Contihooub  Sliding  Sash. 
Aherican  Bridoe  Coufant. 


maximum  sizes  may  be  increased  15  per  cent;  while  for  glass  18  in.  by  24  in.  the  maxi- 
mum sizes  should  be  reduced  by  15  per  cent,  and  proportional  for  intermediate  sizes  of 
glass.  The  glass  are  fastened  with  clips  and  are  glazed  with  special  putty,  on  the 
inside  of  the  sash. 


Spedflcattons  for  Steel  Sash.- 
I  are  as  follows: — 


-The  specifications  for  steel  sash  as  given  in  Appendix 
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W  re)  (f> 


rjl  m 


Pia.  13.  Types  of  Stbbl  Windows. 


STEEL  SASH. 


Sash  With     <^  wUthf<^entjlatt?ris  5  Ft.       ^ '         ^ash  Witfiout 
^sntilabrs.      .  yenti  stars  donot  increase  5ash  Ventilators. 

3/ze  bvc  mere  edge  ofrentil3tor  comes 
at  edge  ofsati}  the  ti¥aU(^)enin^  should 
be  increased  to  allow  R»' clearance. ' 


Fia.  14.    Standard  Details  for  Steel  Sash. 

Steel  aash  shall  be  made  with  solid  sections.  The  maxiiiium  sise  of  steel  aash  shall  be  100 
sq.  ft.  where  no  ventilators  are  used,  and  70  sq.  ft.  where  ventilators  occupy  two-thirds  of  the 
window  area,  and  proportional  for  intermediate  amount  of  ventilators.  Steel  aash  shall  bj 
glazed  with  special  glazmg  clips  and  with  glaring  putty.  AH  sash  shall  be  provided  with  locking 
devices  and  other  lurdware  as  specified. 

TABLE  II. 
Dimensions  of  Fenestra  Solid  Steel  Windows. 
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DETAILS  OF  STEEL  SASH. 
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Dimensions  of  "Fenestra"  steel  sash  are  given  in  Table  II.  The  X  width  and 
X  height,  etc.,  should  always  be  used  together.  Lights  Y-12  X  Y-18  and  Z-H  X  Z-20 
are  standard,  the  tights  marked  with  an  asterisk  are  warehouse  Bash. 

Details  of  window  sash  as  taken  from  the  catalogs  of  the  "Fenestra"  windows, 


felfionzM^Sect 
'klin^Saal). 


B^ttomM         tteetJnqgails      Y^tbs-inqSj^  ^ 


llullm  mif>  Sronie  Itiaifiennq    liulKon  ttith  Ccpptr  niafheriag 
<f}^tiai5fi(fi!gSash.'^A  (global SliimqSssh.T^B. 


lieetinglbiKZSaih} 

Fig.  19.     Details  of  Steel  Sash. 
( (f)  is  "Lupton,"  (g)  is  "  United  Steel  Sash,"  and  (h)  is  "Fenestra. ") 
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made  by  the  Detroit  Steel  Protlucta  Company,  Detroit,  Mich.;  the  "Lupton"  windows, 
made  by  the  David  Luptoii  Sons  Company,  Philadelphia,  and  "United  Steel  Sash" 
made  by  the  Trussed  Concrete  Steel  Co.,  Youngstown,  Ohio,  are  shown  in  Fig.  15  to 
Fig.  IS.    While  each  company  uses  different  rolled  sections  the  details  are  essentially 


hpfiif^  thaitar  59$//    Centintxvs  Sgwtestli  Sash  '        Tspf^MeoltorSasi 

designed fhr^^trvss  Spadiif.  ^ivwsiti^ 
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Fio.  20,     Details  of  "  United  Steel  Sash  "  Ventilators  and  Sktughts. 

the  same  and  may  be  used  interchangeably  as  far  as  the  designing  engineer  is  concerned. 
Details  of  counterbalanced  sash  are  shown  in  (a)  to  (c),  and  details  of  a  honsontal 
sliding  sash  are  shown  in  (d)  and  (e),  Fig.  19.  The  details  of  the  sections  used  by  the 
different  firms  may  be  determined  by  observing  that  in  Fig.  19  (f)  is  "Lupton,"  (g)  is 
"United  Steel  Sash,"  and  (h)  is  "Fenestra."  Details  of  construction,  and  details  of 
operating  devices  and  hardware  can  be  obtained  from  the  various  catalogs.     Details  of 
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"United  Steel  Sash"  monitor  ventilators  and  skylights  are  shown  in  Fig.  20.  Details 
of  "Lupton"  monitor  ventilators  and  skylights  are  shown  in  Fig.  21.  The  detaib  shown 
in  Fig.  20  and  Fig.  21  are  very  complete.  For  the  addresses  of  other  companies  manu- 
facturing steel  windows,  see  Sweet's  "Architectural  Catalog"  published  by  Sweet's 
Catalog  Service,  New  York. 


^rtical  Section 
Tap  ffong  Double  ffun  'Saah 


FiG.  21.    Details  or  "Lupton"  Ventiiatorb  and  Skyughts 


VENTILATORS. — Inausirial  buildings  are  ventilated  either  by  forced  draft  or 
by  natural  ventilation.  Natural  ventilation  is  usually  sufficient,  although  forced  draft 
is  necessary  in  many  factories  or  mills  such  as  cement  mills  and  similar  struct ures. 
The  amount  of  air  required  depends  upon  the  use  to  which  the  building  is  to  be  put. 
Formillandfactorybuildingsitisusual  to  require  20  to  30  Gu.  ft.  of  fresh  air  per  minute 


STEEL  MONITOR  VENTILATOR.  627 

for  each  operative,  and  to  require  that  all  the  air  be  entirely  changed  each  hour.  A 
common  specification  is  to  require  a  net  ventilator  opening  per  100  sq.  ft.  of  floor  space 
of  not  less  than  one-fourth  sq.  ft.  for  clean  machine  shops  and  similar  buildings;  of 
not  less  than  one  sq.  ft.  for  dirty  machine  shops;  of  aot  less  than  four  sq.  ft.  for  mills, 
and  of  not  less  than  six  sq.  ft.  for  forge  shops,  foundries  and  smelters.  The  American 
Bridge  Co.  specifics  that  tubular  ventilators  shall  have  a  net  opening  of  one  sq.  ft. 
for  each  200  to  400  sq.  ft.  of  floor  space. 


Maximum  length  unsupported  7  0 


S. /^g-fo^  </se  N''-^^  U-S-Sage  unless  speciFied. 

'Louyres  \      ^r</er  Sheets  i/"nfi</e  3nif  sffotv 2"en^ Up^ 
Py^fj  ^  *tf/j5  /y?  stee/  tverk,  antf  bill 
^fCT/ofi  A-A  ^  diameter  >^  I  loi?^  roand  head  stowe  ba/ts' 

FiQ.  22.     Details  of  a  Stbbl  Monitor  Louvkb  Ventilator. 

AUERICAK  BRIDOE  COMPANY, 

Ventilators  are  more  effective  in  high  buildings  than  in  low  buildings.  One  sq. 
ft.  of  ventilator  opening  at  a  height  of  60  ft.  will  be  nearly  twice  as  effective  aa  one 
sq.  ft.  at  a  height  of  20  ft. 

Industrial  buildings  are  ventilated  (1)  through  monitor  ventilators,  (2)  through 
tubular  ventilators  placed  in  the  roof,  or  (3)  by  means  of  swing  ventilators  placed  in  the 
windows.  The  best  ventilation  is  obtained  with  monitor  or  tubular  ventilators  in  the 
roof  and  ventilators  in  the  windows  in  the  side  of  the  building. 

Details  of  a  circular  ventilator  ss  designed  by  the  American  Bridge  Company  are 
shown  in  (3)  Fig.  14,  Chapter  XXVIII.  Details  of  a  standard  monitor  steel  louvre 
ventilator  are  shown  in  Fig.  22.    The  sides  of  the  monitor  ventilator  in  Fig.  8,  Chapter 
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XXVI,  were  fitted  with  louvres  which  were  to  be  closed  in  cold  weather.  Buildings  of 
this  type  should  have  glazed  sash  so  that  when  the  ventilators  are  closed  the  light  will 
not  be  cut  off.     Data  for  estimating  louvre  slats  are  given  in  Fig.  22. 

''In  smelters  the  clerestory  ofHhe  monitor  is  often  left  entirely  open  or  is  slightly 
protected  by  self-acting  shutters.  In  the  latter  case  the  shutters  are  hinged  at  the 
bottom  and  are  connected  at  the  top  with  each  other  and  with  a  counter- weight  so 
that  the  shutter  will  ordinarily  make  an  angle  of  about  30  degrees  with  the  vertical. 
A  wind  or  a  storm  will  close  the  windward  shutter  and  open  the  leeward  shutter  wider. 
The  eaves  of  the  monitor  are  made  to  project,  so  that  very  little  of  the  storm  enters. 

Circular  Ventilators. — Circular  ventilators  are  often  used  for  ventilating  mill 
buildings  in  place  of  the  monitors,  and  on  buildings  requiring  a  small  area  for  ventilation. 
They  are  made  of  galvanized  iron,  copper  or  other  sheet  metal,  and  are  usually  placed 
along  the  ridge  line  of  the  roof.  Details  of  a  circular  ventilator  are  shown  in  Fig.  14, 
Chapter  XXVIII. 


CHAPTER  XXXIV. 
Doors. 

WOODEN  DOORS. — Wooden  doors  are  usually  constructed  of  matched  pine 
sheathing  nailed  to  a  wooden  frame  as  shown  in  Fig.  1.  These  doors  are  made  of  white 
pine.  Doors  up  to  four  feet  in  width  should  be  swung  on  hinges;  wider  doors  should 
be  made  to  slide  on  an  overhead  track  or  should  be  counter-balanced  and  raise  vertically. 
Sliding  doors  should  be  at  least  4  in.  wider  and  2  in.  higher  than  the  clear  opening. 

''Sandwich"  doors  are  made  by  covering  a  wooden  frame  with  flat  or  corrugated 
steel.  The  wooden  framework  of  these  doors  is  commonly  made  of  two  or  more  thick- 
nesses of  I  in.  dressed  and  matched  white  pine  sheathing  not  over  4  in.  wide,  laid 
diagonally  and  nailed  with  clinch  nails.  Care  must  be  used  in  handling  sandwich 
doors  made  as  above  or  they  will  warp  out  of  shape.  Corrugated  steel  with  1^  in. 
corrugations  makes  the  neatest  covering  for  sandwich  doors. 

For  swing  doors  use  hinges  about  as  follows:  For  doors  3  ft.  X  6  ft.  or  less  use  10  in. 
strap  or  10  in.  T-hinges;  for  doors  3  ft.  X  6  ft.  to  3  ft.  X  8  ft.  use  16  in.  strap  or  16  in. 
T-hinges;  for  doors  3  ft.  X  8  ft.  to  4  ft.  X  10  ft.  use  24  in.  strap  hinges. 

Paneled  Doors. — For  openings  from  2  ft.  X  6  ft.  to  3  ft.  X  9  ft.  ordinary  stock 
paneled  doors  are  commonly  used.  The  stock  doors  vary  in  width  from  2  ft.  to  3  ft. 
by  even  inches  and  in  length  by  4  in.  to  6  in.  up  to  7  ft.  for  2  ft.  doors,  and  9  ft.  for  3 
ft.  doors.  Stock  doors  are  made  if  and  If  in.  thick,  and  are  made  in  three  grades, 
A,  B  and  C;  the  A  grade  being  first  class,  B  grade  fair  and  C  grade  very  poor.  Paneled 
doors  up  to  7  ft.  wide  and  2^  in.  thick  can  be  obtained  from  most  mills  by  a  special  order. 

STEEL  DOORS. — Details  of  a  steel  sliding  door  are  shown  in  Fig.  2.  Details  of 
a  swinging  steel  door  are  shown  in  Fig.  3.  Steel  doors  should  be  covered  with  corru- 
gated steel,  preferably  with  1}  in.  corrugations. 

Details  of  the  track  for  a  sliding  door  are  shown  in  Fig.  4. 

There  are  quite  a  number  of  patented  devices  on  the  market  for  hanging  sliding 
doors.  The  Wilcox  trolley  door  hanger  and  track  shown  in  Fig.  2  and  Fig.  4  are  efficient 
and  are  quite  generally  used.  Details  and  prices  of  track  devices  may  be  obtained 
from  the  Wilcox  Manufacturing  Co.,  Aurora,  111. 

Steel  doors  built  of  special  steel  sections  are  made  by  several  firms.  Details  of 
*'Lupton"  tubular  steel  doors  manufactured  by  David  Lupton  Sons  Company, 
Philadelphia,  Pa.,  are  shown  in  Fig.  5.  These  doors  are  hinged  to  swing  one  way  or  to 
slide  horizontally.  The  lower  part  of  the  door  is  filled  with  No.  12  gage  steel,  while 
the  upper  part  is  filled  with  wire  glass  set  in  steel  sash  and  steel  frames.  '^Lupton" 
doors  have  the  frames  welded. 

Details  of  "Fenestra"  tubular  steel  doors  made  by  the  Detroit  Steel  Products 
Company,  Detroit,  Mich.,  are  shown  in  Fig.  6.  The  doors  are  hinged  to  swing  one 
way  or  to  slide  horizontally.  Special  tubular  sliding  doors  can  be  made  10  ft.  wide  and 
25  ft.  high,  or  with  double  doors  for  an  opening  20  ft.  wide  and  25  ft.  high.    "Fenestra" 
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FiO.  1.     Details  of  Wooden  Dooks,     American  Bridge  Compant. 
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doors  have  the  frames  riveted.    Steel  doors  are  also  made  by  the  Trussed  Steel  Concrete 
Company. 


into  yroanef  and 
8«t  ia  concrete  ■ 


Corn  Sh0«tittg  to  ba  Fastened  to  l^  an^/e  Frame  top  and  bottom  • 

Combated  Steel  to  be  of  same  ga^  as  ai'diu^- 

Itirets  on  insle^  Frame,  N'S  wire-  Holes  For  Fastening  inside  to  outsit 
Frame  For  N"B  m're. 

Jiirets  on  eutside  Frame  i  inch'  Inside  Frame  to  be  shipped  bolted  in  place  • 
IF  desired  t»  cheapen  eonstrvethn  tFdeer,  aerlt  side  afd  center  at^ks  eF inside  Frae>e- 
FiQ.  2.     Details  or  a  Slidino  Stsel  Doob.     Ahbsicak  Bbidoe  Coufant. 

Diagrammatic  sketches  of  several  types  of  doors  are  shown  in  Fig.  7.  These 
sketches  represent  different  types  of  doors  shown  in  the  catalog  of  J.  Edward  Ogden, 
New  York,  N.  Y.    This  company  is  prepared  to  furnish  door  hardware  and  mechanical 
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Fia.  3.     Details  of  a  Swinqinq  Steel  Doob.    Auerican  Brume  Cohpant. 


TRACK  FOR  A  SLIDING  DOOR. 
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parts  of  the  doors  shown,  or  will  supply  the  doors  complete.    The  following  data  have 
been  taken  from  the  Ogden  catalog. 

Twosedion  Doors. — Doors  may  be  made  of  wood  frame  and  sheet-steel  covering, 
or  with  a  steel  frame  with  sheet-steel  covering;  the  upper  section  may  be  glazed  with 
§-in.  wire  gloss  set  in  metal  frames.  Details  of  doors  20  ft.  wide  and  22  ft.  high  are 
shown  as  constructed  with  wood  frames,  and  also  with  steel  frames.  Counterweights 
are  commonly  made  equal  to  one-half  the  total  weight  of  the  door. 
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Fio.  4.     Details  of  a  .Trace  for  a  Sliding  Door. 


5ing/e-8ec(ton  T)oor». — Doors  may  be  made  with  wood  frames  or  with  steel  frames. 
Details  of  a  door  27  ft.  9  in.  wide  and  19  ft.  6  in.  high  are  shown. 

Mvlti'Seciion  Door. — This  door  is  especially  adapted  for  locations  where  there  is 
little  ceiling  space.  Doors  may  be  made  with  wood  frames  or  with  steel  frames.  De- 
tails of  doors  IS  ft.  3  in.  wide  and  22  ft.  2  in.  high  are  shown. 

Tumrover  Door. — This  door  is  used  for  small  openings.  There  is  no  operating 
winch,  the  door  being  operated  by  hand. 

Canopy  Door, — This  door  protects  the  doorway  when  open.  The  minimum  head- 
room above  the  door  is  16  inches.    This  is  a  modification  of  the  single-section  door. 

Single-section     Vertical-sliding  Door. — These  doors  require  adequate   headroom. 
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Details  of  a  door  8  ft.  wide  and  8  ft.  high  are  shown.  These  do(M«  are  often  placed  in 
pairs,  where  one  counterweight  and  one  winch  will  serve  both  doors. 

Dovhle-leaf  Vertical'Sliding  Doors. — The  two  sections  of  these  doors  are  equipped 
with  separate  guides  and  are  operated  separately.  Details  of  a  door  20  ft.  wide  and 
18  ft.  high  are  shown. 

Crane-runway  Doors, — These  doors  may  swing  inward  or  outward.  The  doors 
may  be  operated  by  the  crane  operator  or  from  the  floor.  Additional  doors  should  be 
provided  for  the  load,  and  for  the  crane  cage  where  necessary. 

Folding  and  sliding  doors  are  also  made  by  the  Kinnear  Manufacturing  Company, 
,  Columbus,  Ohio. 

Rolling  Steel  Doors. — Rolling  steel  doors  are  made  by  several  firms.  The  J.  G. 
.  Wilson  Corporation,  New  York,  manufactures  rolling  steel  doors  that  may  be  operated 
by  hand,  with  widths  of  3  ft.  to  6  ft.,  and  heights  of  6  ft.  to  14  ft. ;  widths  of  6  ft.  to  10  ft. 
and  heights  of  13  ft.  to  17  ft.;  widths  of  10  ft.  to  15  ft.  and  heights  of  13  ft.  to  15  ft. 
Doors  operated  by  gear  have  widths  up  to  20  ft.  and  heights  up  to  21  ft.  The  Kinnear 
Manufacturing  Company,  Columbus,  Ohio,  manufactures  rolling  steel  doors  with  widths 
of  3  ft.  to  20  ft.,  and  heights  of  6  ft.  to  18  ft.  For  additional  details  and  the  names  and 
addresses  of  other  manufacturers  of  steel  doors,  see  Sweet's  ''Architectural  Catalog," 
published  by  Sweet's  Catalog  Service,  New  York,  N.  Y. 


CHAPTER  XXXV. 
Paints  and  Painting. 

CORROSION  OF  IRON  AND  STEEL.— If  iron  or  steel  is  left  exposed  to  the 
atmosphere  it  unites  with  oxygen  and  water  to  form  rust.  Where  the  metal  is  further 
exposed  to  the  action  of  corrosive  gases  the  rate  of  rusting  is  accelerated  but  the  action 
is  similar  to  that  of  ordinary  rusting.  Neither  dry  air  nor  water  free  from  oxygen  has 
any  corrosive  effect.  While  not  essential  to  corrosion  acids  greatly  hasten  its  action. 
It  seems  evident  that  some  weak  electrolysis  is  essential  for  corrosive  action.  Where 
iron  or  steel  are  in  contact  with  water  electrolytic  action  will  always  take  place,  although 
the  amount  is  ver^''  small  under  ordinary  conditions.  Where  a  considerable  electrolytic 
force  exists  the  corrosion  is  greatly  hastened.  The  increase  in  the  use  of  electricity 
has  doubtless  had  a  tendency  to  increase  the  corrosion  of  iron  and  steel  and  to  make 
the  problem  of  the  preservation  of  iron  and  steel  from  corrosion  of  great  importance. 

In  an  article  on  "The  Corrosion  of  Iron"  in  Proceedings  of  American  Society  for 
Testing  Materials,  vol.  VII,  1907,  pages  211  to  228,  Mr.  Allerson  S.  Cushman  shows 
that  the  two  factors  without  which  the  corrosion  of  iron  is  impossible  are  electrolysis 
and  the  presence  of  hydrogen  in  the  electrolyzed  or  "ionic"  condition.  The  electrolytic 
action  can  only  take  place  in  the  presence  of  oxygen  or  some  other  oxidizing  agent. 
Rust  is  a  hydroxide  of  iron — ^ferric  hydroxide,  FeOsHa.  The  corrosion  of  iron  or  steel 
may  be  prevented  or  retarded  by  covering  it  with  a  coating  that  will  protect  it  from  the 
water  or  the  air. 

It  is  commonly  believed,  with  good  reason,  that  cast  iron  corrodes  less  rapidly  than 
either  wrought  iron  or  steel.  The  graphite  in  the  cast  iron  and  the  silicious  coating 
that  the  cast  iron  receives  in  molding  doubtless  assist  in  protecting  the  cast  iron  from 
corrosion. 

It  is  also  commonly  believed  that  steel  corrodes  more  rapidly  than  wrought  iron. 
The  tests  that  have  been  made  to  determine  the  relative  corrosion  of  wrought  iron  and 
steel  are  very  conflicting,  but  it  appears  certain  that  the  difference  in  the  corrosion  of 
well  made  steel  and  well  made  wrought  iron  is  very  slight.  The  acid  test  as  a  measure 
of  natural  corrosion  has  been  used,  especially  by  firms  manufacturing  and  selling 
"ingot  iron"  (very  low  carbon  open-hear^  steel).  Committee  A-5  on  the  Corrosion 
of  Iron  and  Steel  of  the  American  Society  for  Testing  Materials  in  the  Proceedings  of 
the  Society,  vol.  XI,  1911,  page  100,  states  that  it  considers  the  acid  test  as  unreliable 
as  a  7neasure  of  natural  corrosion  and  does  not  recommend  its  use. 

In  the  paper  on  "The  Corrosion  of  Iron"  above  referred  to,  Mr.  Cushman  states: 
— "A  very  widespread  impression  prevails  that  charcoal  iron  or  a  puddled  wrought  iron 
are  more  resistant  to  corrosion  than  steel  manufactured  by  the  Bessemer  and  open- 
hearth  processes.  It  is  by  no  means  certain  that  this  is  the  case,  but  it  would  follow 
from  the  electrolytic  theory  that  in  order  to  have  the  highest  resistance  to  corrosion 
a  metal  should  either  be  as  free  as  possible  from  certain  impurities,  such  as  manganese, 
or  should  be  so  homogeneous  as  not  to  retain  localized  po<%itive  and  negative  nodes  for 
a  long  time  without  change.    Under  the  first  condition  iron  would  appear  to  have  the 
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advantage,  but  under  the  second  much  would  depend  upon  the  care  exercised  in  manu- 
facture, whatever  process  was  used." 

In  Marks'  ''Mechanical  Engineers'  Handbook,"  p.  555,  Mr.  Morgan  B.  Smith 
makes  the  following  statement:  ''Under  similar  conditions  iron  and  steel  corrode  at 
practically  the  same  rate.     Steel,  however,  corrodes  more  uniformly  than  iron." 

From  the  preceding  discussion  it  would  appear  that  neither  "ingot  iron"  nor 
wrought  iron  has  any  advantage  in  resisting  corrosion  over  a  well  made  structural  steel. 

PAINT. — The  paints  in  use  for  protecting  structural  steel  may  be  divided  into  ofl 
paints,  tar  paints,  asphalt  paints,  varnishes,  lacquers,  and  enamel  paints.  The  last 
two  mentioned  are  too  expensive  for  use  on  a  large  scale  and  will  not  be  considered. 

OIL  PAINTS. — An  oil  paint  consists  of  a  drying  oil  or  varnish  and  a  pigment, 
thoroughly  mixed  together  to  form  a  workable  mixture.  "A  good  paint  is  one  that  is 
readily  applied,  has  good  covering  powers,  adheres  well  to  the  metal,  and  is  durable." 
The  pigment  should  be  inert  to  the  metal  to  which  it  is  applied  and  also  to  the  oil  with 
which  it  is  mixed.  Linseed  oil  is  commonly  used  as  the  varnish  or  vehicle  in  oil  paints, 
and  is  unsurpassed  in  durability  by  any  other  drying  oil.  Pure  linseed  oil  will,  when 
applied  to  a  metal  surface,  form  a  transparent  coating  that  offers  considerable  protection 
for  a  time,  but  is  soon  destroyed  by  abrasion  and  the  action  of  the  elements.  To  make 
the  coating  thicker,  harder  and  more  dense,  a  pigment  is  added  to  the  oil.  An  oil  paint 
is  analogous  to  concrete,  the  linseed  oil  and  pigment  in  the  paint  corresponding  to  the 
cement  and  the  aggregate  in  the  concrete.  The  pigments  used  in  making  oil  paints  for 
protecting  metal  may  be  divided  into  four  groups  as  follows:  (1)  lead;  (2)  zinc;  (3) 
iron;  (4)  carbon. 

Linseed  Oil. — Linseed  oil  is  made  by  crushing  and  pressing  flaxseed.  The  oil  con- 
tains some  vegetable  impurities  when  made,  and  should  be  allowed  to  stand  for  two  or 
three  months  to  purify  and  settle  before  being  used.  In  this  form  the  oil  is  known  as 
raw  linseed  oil,  and  is  ready  for  use.  Raw  linseed  oil  dries  (oxidizes)  very  slowly  and 
for  that  reason  is  not  often  used  in  a  pure  state  for  structural  iron  paint.  The  rate  of 
drying  of  raw  linseed  oil  increases  with  age;  an  old  oil  being  very  much  better  for  paint 
than  that  which  has  been  but  recently  extracted.  Raw  linseed  oil  can  be  made  to  dry 
more  rapidly  by  the  addition  of  a  drier  or  by  boiling.  Linseed  oil  dries  by  oxidation  and 
not  by  evaporation,  and  therefore  any  material  that  will  make  it  take  up  oxygen  more 
rapidly  is  a  drier.  A  common  method  of  making  a  drier  for  linseed  oil  is  to  put  the 
linseed  oil  in  a  kettle,  heat  it  to  a  temperature  of  400  to  500  degrees  F.,  and  stir  in  about 
four  pounds  of  red  lead  or  litharge,  or  a  mixture  of  the  two,  to  each  gallon  of  oil.  This 
mixture  is  then  thinned  down  by  adding  enough  linseed  oil  to  make  four  gallons  for 
each  gallon  of  raw  oil  first  put  in  the  kettle.  The  addition  of  four  gallons  of  this  drier 
to  forty  gallons  of  raw  oil  will  reduce  the  time  of  drying  from  about  five  days  to  twenty- 
four  hours.  A  drier  made  in  this  way  costs  more  than  the  pure  linseed  oil,  so  that  driers 
are  very  often  made  by  mixing  lead  or  manganese  oxide  with  rosin  and  turpentine, 
benzine,  or  rosin  oil.  These  driers  can  be  made  for  very  much  less  than  the  price 
of  good  linseed  oil,  and  are  used  as  adulterants;  the  more  of  the  drier  that  is  jnit  into  the 
paint,  the  quicker  it  tcifl  dry  and  the  poorer  it  becomes,  Japan  drier  is  often  used  with  raw 
oil,  and  when  this  or  any  other  drier  is  added  to  raw  oil  in  barrels,  the  ofl  is  said  to  be 
"boiled  through  the  bung  hole." 

Bofled  linseed  ofl  is  made  by  heating  raw  ofl,  to  which  a  quantity  of  red  lead, 
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lithargei  sugar  of  lead,  etc.,  has  been  added,  to  a  temperature  of  400  to  500  degrees  F., 
or  by  passing  a  current  of  heated  air  through  the  oil.  Heating  linseed  oil  to  a  tempera- 
ture at  which  merely  a  few  bubbles  rise  to  the  surface  makes  it  dry  more  rapidly  than 
the  unheated  oil;  however,  if  the  boiling  is  continued  for  more  than  a  few  hours  the 
rate  of  drying  is  decreased  by  the  boiling.  Boiled  linseed  oil  is  darker  in  color  than 
raw  oU,  and  is  much  used  for  outside  paints.  It  should  dry  in  from  12  to  24  hours 
when  spread  out  in  a  thin  film  on  glass.  Raw  oil  makes  a  stronger  and  better  film 
than  boiled  oil,  but  it  dries  so  slowly  that  it  is  seldom  used  for  outside  work  without  the 
addition  of  a  drier. 

Lead. — White  Lead  (hydrated  carbonate  of  lead — specific  gravity  6.4)  is  used  for 
interior  and  exterior  wood  work.  White  lead  forms  an  excellent  pigment  on  account 
of  its  high  adhesion  and  covering  power,  but  it  is  easily  darkened  by  exposure  to  corrosive 
gases  and  rapidly  disintegrates  under  these  conditions,  requiring  frequent  renewal. 
It  does  not  make  a  good  bottom  coat  for  other  paints,  and  if  it  is  to  be  used  at  all  for 
metal  work  it  should  be  used  over  another  paint. 

Red  Lead  (minium;  lead  tetroxide — specific  gravity  8.3)  is  a  heavy,  red  powder 
approximating  in  shade  to  orange;  is  affected  by  acids,  but  when  used  9s  a  paint  Ls  very 
stable  in  light  and  under  exposure  to  the  weather.  Red  lead  is  seldom  adulterated, 
about  the  only  substance  used  for  the  purpose  being  red  oxide.  Red  lead  is  prepared 
by  changing  metallic  lead  into  monoxide  litharge,  and  converting  this  product  into 
minium  in  calcining  ovens.  Red  lead  intended  for  paints  must  be  free  from  metallic 
lead.  One  ounce  of  lampblack  added  to  one  pound  of  red  lead  changes  the  color  to  a 
deep  chocolate  and  increases  the  time  of  drying.  This  compound  when  mixed  in  a  thick 
paste  will  keep  30  days  without  hardening. 

Zinc. — Zinc  white  (zinc  oxide — si)ecific  gravity  5.3)  is  a  white  loose  powder,  devoid 
of  smell  or  taste  and  has  a  good  covering  power.  Zinc  paint  has  a  tendency  to  peel, 
and  when  exposed  there  is  a  tendency  to  form  a  zinc  soap  with  the  oil  which  is  easily 
washed  off,  and  it  therefore  does  not  make  a  good  paint.  However,  when  mixed  with 
red  oxide  of  lead  in  the  proportions  of  1  lead  to  3  zinc,  or  2  lead  to  1  zinc,  and  ground  with 
linseed  oil,  it  makes  a  very  durable  paint  for  metal  surfaces.  This  paint  dries  very 
slowly,  the  zinc  acting  to  delay  hardening  about  the  same  as  lampblack. 

Iron  Oxide. — Iron  oxide  (specific  gravity  5)  is  composed  of  anhydrous  sesquioxide 
(hematite)  and  hydrated  sesquioxide  of  iron  (iron  rust).  The  anhydrous  oxide  is  the 
characteristic  ingredient  of  this  pigment  and  very  little  of  the  hydrated  oxide  should  be 
present.  Hydrated  sesquioxide  of  iron  is  simply  iron  rust,  and  it  probably  acts  as  a 
carrier  of  oxygen  and  accelerates  corrosion  when  it  is  present  in  considerable  quantities. 
Mixed  with  the  iron  ore  are  various  other  ingredients,  such  as  clay,  ocher  and  earthy 
materials,  which  often  form  50  to  75  per  cent  of  the  mass.  Brown  and  dark  red  colors 
indicate  the  anhydrous  oxide  and  are  considered  the  best.  Bright  red,  bright  purple 
and  maroon  tints  are  characteristic  of  hydrated  oxide  and  make  less  durable  paints 
than  the  darker  tints.  Care  should  be  used  in  buying  iron  oxide  to  see  that  it  is  finely 
ground  and  is  free  from  clay  and  ocher. 

Carbon. — The  most  common  forms  of  carbon  in  use  for  paints  are  lampblack  and 
graphite.  Lampblack  (specific  gravity  2.6)  is  a  great  absorbent  of  linseed  oil  and  makes 
an  excellent  pigment.    Graphite  (black  lead  or  plumbago — specific  gravity  2.4)  is  a 
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more  or  less  impure  form  of  carbon,  and  when  pure  is  not  affected  by  acids.  Graphite 
does  not  absorb  nor  act  chemically  on  linseed  oil,  so  that  the  varnish  simply  holds  the 
particles  of  pigment  together  in  the  same  manner  as  the  cement  in  a  concrete.  There 
are  two  kinds  of  graphite  in  common  use  for  paints — the  granular  and  the  flake  graphite. 
The  Dixon  Graphite  Co.,  of  Jersey  City,  uses  a  flake  graphite  combined  with  silica, 
while  the  Detroit  Graphite  Manufacturing  Co.  uses  a  mineral  ore  with  a  large  per- 
centage of  graphitic  carbon  in  granulated  form.  On  account  of  the  small  specific 
gravity  of  the  pigment,  carbon  and  graphite  paints  have  a  very  large  covering  capacity. 
The  thickness  of  the  coat  is,  however,  correspondingly  reduced.  Boiled  linseed  oil 
should  always  be  used  with  carbon  pigments. 

Mixing  the  Paint — The  pigment  should  be  finely  ground  and  should  preferably  be 
ground  with  the  oil.  The  materials  should  be  bought  from  reliable  dealers,  and  should 
be  mixed  as  wanted.  If  it  is  not  possible  to  grind  the  paint,  better  results  will  usually 
be  obtained  from  hand  mixed  paints  made  of  first-class  materials  than  from  the  ordinary 
run  of  prepared  paints  that  are  supposed  to  have  been  ground.  Many  ready  mixed 
paints  are  sold  for  less  than  the  price  of  linseed  oil^.  which  makes  it  evident  that  little 
if  any  oil  has  been  used  in  the  paint.'  The  paint  should  be  thinned  with  oil,  or  if  neces- 
sary a  small  amount  of  turpentine  may  be  added;  however  turpentine  is  an  adtUlerant 
and  should  he  iised  sparingly,  Bendne,  gasoline,  etc.,  should  never  be  used  in  painis^ 
as  the  paint  dries  without  oxidizing  and  then  rubs  off  like  chalk. 

Proportions. — The  proper  proportions  of  pigment  and  oil  required  to  make  a  good 
paint  vary  with  the  different  pigments,  and  the  methods  of  preparing  the  paint;  the 
heavier  and  the  more  finely  ground  pigments  require  less  oil  than  the  lighter  or  coarsely 
ground  while  ground  paints  require  less  oil  than  ordinary  mixed  paints.  A  common  rule 
for  mixing  paints  ground  in  oil  is  to  mix  with  each  gallon  of  linseed  oil,  dry  pigment 
equal  to  three  to  four  times  the  specific  gravity  of  the  pigment,  the  weight  of  the  pigment 
being  given  in  pounds.  This  rule  gives  the  following  weights  of  pigment  per  gallon  of 
linseed  oil:  white  lead,  19  to  26  lb.;  red  lead,  25  to  33  lb.;  zinc,  15  to  21  lb.;  iron  oxide, 
15  to  20  lb.;  lampblack,  8  to  10  lb. ;  graphite,  8  to  10  lb.  The  weights  of  pigment  used 
per  gallon  of  oil  varies  about  as  follows:  red  lead,  20  to  33  lb.;  iron  oxide,  8  to  25  lb.; 
graphite,  3  to  12  lb. 

Covering  Capacity. — The  covering  capacity  of  a  paint  depends  upon  the  uniformity 
and  thickness  of  the  coating;  the  thinner  the  coating  the  larger  the  surface  covered  per 
unit  of  paint.  To  obtain  any  given  thickness  of  paint  therefore  requires  practically 
the  same  amount  of  paint  whatever  its  pigment  may  be.  The  claims  often  urged  in 
favor  of  a  particular  paint  that  it  has  a  large  covering  capacity  may  mean  nothing  but 
that  an  excess  of  oil  has  been  used  in  its  fabrication.  An  idea  of  the  relative  amounts 
of  oil  and  pigment  required,  and  the  covering  capacity  of  different  paints  may  be 
obtained  from  Table  VI,  Chapter  XL. 

Light  structural  work  will  average  about  250  square  feet,  and  heavy  structural 
work  about  150  square  feet  of  surface  per  net  ton  of  metal;  while  No.  20  corrugated 
steel  has  2,400  sq.  ft.  of  surface  per  ton  of  metal. 

It  is  the  common  practice  to  estimate  ^  gallon  of  paint  for  the  first  coat  and  | 
gallon  for  the  second  coat  per  ton  of  structural  steel,  for  average  conditions. 

Appljing  the  Paint. — The  paint  should  be  thoroughly  brushed  out  with  a  round 
brush  to  remove  all  the  air.  The  paint  should  be  mixed  only  as  wanted,  and  should  be 
kept  well  stirred.     When  it  is  necessary  to  apply  paint  in  cold  weather,  it  should  be 
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heated  to  a  temperature  of  130  to  150  degrees  F.;  paint  should  not  be  put  on  in  freezing 
weather.  Paint  should  not  be  applied  when  the  surface  is  damp,  or  during  foggy 
weather.  The  first  coat  should  be  allowed  to  stand  for  three  or  four  days,  or  until 
thoroughly  dry,  before  appl3ring  the  second  coat.  If  the  second  coat  is  applied  before 
the  first  coat  has  dried,  the  drying  of  the  first  coat  will  be  very  much  retarded. 

Cleaning  the  Surface. — Before  applying  the  paint  all  scale,  rust,  dirt,  grease  and 
dead  paint  should  be  removed.  The  metal  may  be  cleaned  by  pickling  in  an  acid  bath, 
by  scraping  and  brushing  with  wire  brushes,  or  by  means  of  the  sand  blast.  In  the 
process  of  pickling  the  metal  is  dipped  in  an  acid  bath,  which  is  followed  by  a  bath  of 
milk  of  lime,  and  afterwards  the  metal  is  washed  clean  in  hot  water.  The  method  is 
expensive  and  not  satisfactory  unless  extreme  care  is  used  in  removing  all  traces  of  the 
acid.  Another  objection  to  the  process  is  that  it  leaves  the  metal  wet  and  allows 
rusting  to  begin  before  the  paint  can  be  applied.  The  most  common  method  of  cleaning 
is  by  scraping  with  wire  brushes  and  chisels.  This  method  is  slow  and  laborious. 
The  method  of  cleaning  by  means  of  a  sand  blast  has  been  used  to  a  limited  extent  and 
promises  much  for  the  future.  The  average  cost  of  cleaning  five  bridges  in  Columbus, 
Ohio,  in  1902,  was  3  cts.  per  sq.  ft.  of  surface  cleaned.*  The  bridges  were  old  and  some 
were  badly  rusted.  The  painters  followed  the  sand  blast  and  covered  the  newly  cleaned 
surface  with  paint  before  the  rust  had  time  to  form. 

Mr.  Lilly  estimates  the  cost  of  cleaning  light  bridge  work  at  the  shop  with  the  sand 
blast  at  $1.75  per  ton,  and  the  cost  of  heavy  bridge  work  at  $1.00  per  ton.  In  order  to 
remove  the  mill  scale  it  has  been  recommended  that  rusting  be  allowed  to  start 
before  the  sand  blast  is  used.  One  of  the  advantages  of  the  sand  blast  is  that  it  leaves 
the  surface  perfectly  dry,  so  that  the  paint  can  be  applied  before  any  rust  has  formed. 

Priming  or  Shop  Coat. — Engineers  are  very  much  divided  as  to  what  makes  the 
best^priming  cont;  some  specify  a  first  coat  of  pure  linseed  oil  and  others  a  priming  coat 
of  paint.  Linseed  oil  makes  a  transparent  coating  that  allows  imperfections  in  the 
workmanship  and  rusted  spots  to  be  easily  seen;  it  is  not  permanent,  however,  and  if 
the  metal  is  exposed  for  a  long  time  the  oil  will  often  be  entirely  removed  before  the 
second  coat  is  applied.  It  is  also  claimed  that  the  paint  will  not  adhere  as  well  to 
linseed  oil  that  has  weathered  as  to  a  good  paint.  Linseed  oil  gives  better  results  if 
applied  hot  to  the  metal.  Another  advantage  of  using  oil  as  a  priming  coat  is  that  the 
erection  marks  can  be  painted  over  with  the  oil  without  fear  of  covering  them  up. 
Red  lead  paint  toned  down  with  lampblack  is  probably  used  more  for  a  priming  coat 
that  any  other  paint;  the  B.  &  0.  R.  R.  uses  10  oz.  of  lampblack  to  every  12  lb.  of  red 
lead.  Linseed  oil  mixed  with  a  small  amount  of  lampblack  makes  a  very  satisfactory 
priming  or  shop  coat. 

Without  going  further  into  the  controversy  it  would  seem  that  there  is  very  little 
choice  between  linseed  oil  and  a  good  red  lead  paint  for  a  priming  coat.  For  data  on 
the  standard  shop  paints  specified  by  different  railroads,  see  digest  of  specifications  in 
the  author's  "  Structural  Engineers'  Handbook." 

Finishing  Coat. — From  a  careful  study  of  the  question  of  paints,  it  would  seem 
that  for  ordinary  conditions  the  quality  of  the  materials  and  workmanship  is  of  more 
importance  in  painting  metal  structures  than  the  particular  pigment  used.  If  the  prim- 
ing coat  has  been  properly  applied  there  is  no  reason  why  any  good  grade  of  paint  com- 

♦Sand  Blast  Cleaning  of  Structural  Steel,  by  G.  W.  Lilly,  Trans.  Am.  See,  C.  E.,Feb.l903, 
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posed  of  pure  linseed  oil  and  a  very  finely  ground,  stable  and  chemically  non-injurious 
pigment  will  not  make  a  very  satisfactory  finishing  coat.  Where  the  paint  is  to  be 
subjected  to  the  action  of  corrosive  gases  or  blasts,  however,  there  is  certainly  quite  a 
difference  in  the  results  obtained  with  the  different  pigments.  The  graphite  and  asphalt 
paints  appear  to  withstand  the  corroding  action  of  smelter  and  engine  gases  better  than 
red  lead  or  iron  oxide  paints;  while  red  lead  is  probably  better  under  these  conditions 
than  iron  oxide.  Portland  cement  paint  or  coal  tar  paint  are  the  only  paints  that  ^nll 
withstand  the  action  of  engine  blasts. 

To  obtain  the  best  results  in  painting  metal  structures,  therefore,  proceed  as  follows: 
(1)  prepare  the  surface  of  the  metal  by  carefully  removing  all  dirt,  grease,  mill  scale, 
rust,  etc.,  and  give  it  a  priming  coat  of  pure  linseed  oil  or  a  good  paint — red  lead  seems 
to  be  the  most  used  for  this  purpose;  (2)  after  the  metal  is  in  place  carefully  remove 
all  dirt,  grease,  etc.,  and  apply  the  finishing  coats — preferably  not  less  than  two  coats — 
giving  ample  time  for  each  coat  to  dry,  before  applj'ing  the  next.  The  separate  coats  of 
paint  should  be  of  different  colors.  Painting  should  not  be  done  in  rainy  weather,  or 
when  the  metal  is  damp,  nor  in  cold  weather  unless  special  precautions  are  taken  to 
warm  the  paint.  The  best  results  will  usually  be  obtained  if  the  materials  are  purchased 
in  bulk  from  a  responsible  dealer  and  the  paint  ground  as  wanted.  Good  results  are 
obtained  with  many  of  the  patent  or  ready  mixed  paints,  but  it  is  not  possible  in  this 
place  to  go  into  a  discussion  of  their  respective  merits. 

ASPHALT  PAINT. — Many  prepared  paints  are  sold  under  the  name  of  asphalt 
that  are  mixtures  of  coal  tar,  or  mineral  asphalt  alone,  or  combined  with  a  metallic 
base,  or  oils.  The  exact  compositions  of  the  patent  asphalt  paints  are  hard  to  deter- 
mine. Black  bridge  paint  made  by  Edward  Smith  &  Co.,  New  York  City,  contains 
asphaltum,  linseed  oil,  turpentine  and  Kauri  gum.  The  paint  has  a  varnish-like  finish 
and  makes  a  very  satisfactory  paint.  The  black  shades  of  asphalt  paint  are  the  only 
ones  that  should  be  used. 

COAL  TAR  PAINT. — Coal  tar  paint  is  occasionally  used  for  painting  gas  tanks, 
smelters,  and  similar  structures  that  receive  rough  usage.  Coal  tar  paint  mixed  as 
described  below  has  been  used  by  the  U.  S.  Navy  Department  for  painting  the  hulls  of 
ships.  It  should  give  satisfactory  service  where  the  metal  is  subject  to  corrosion. 
The  coal  tar  paint  is  mixed  as  follows:  The  proportions  of  the  mixture  are  slightly 
variable  according  to  the  original  consistency  of  the  tar,  the  use  for  which  it  is  intended 
and  the  climate  in  which  it  is  used.  The  proportions  will  vary  between  the  following 
proportions  in  volume. 

Coal  Tar.    Portland  Cement.  Keroeene  Oil. 

New  Orleans  Mixture 8  1  1 

Annapolis  Mixture 16  4  3 

The  Portland  cement  should  first  be  stirred  into  the  kerosene,  forming  a  creamy 
mixture;  the  mixture  is  then  stirred  into  the  coal  tar.  The  paint  should  be  freshly 
mixed  and  kept  well  stirred.  This  paint  sticks  well,  does  not  run  when  exposed  to  the 
sun's  rays  and  is  a  very  satisfactory  paint  for  rough  work.  The  cost  of  the  paint  will 
vary  from  10  to  20  cts.  per  gallon.  The  kerosene  oil  acts  as  a  drier,  while  the  Portland 
cement  neutralizes  the  coal  tar. 

If  it  is  desired  to  paint  with  oil  paint  a  structure  which  has  been  painted  with  coal 
tar  paint,  the  surface  must  be  scraped  and  all  the  coal  tar  removed. 
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CEMENT  AND  CEMENT  PAINT.— Experiments  have  shown  that  a  thin  coat- 
ing of  Portland  cement  is  effective  in  preventing  rust;  that  a  concrete  to  be  effective  in 
preventing  rust  must  be  dense  and  made  very  wet.  The  steel  must  be  clean  when 
imbedded  in  the  concrete.  There  is  quite  a  difference  of  opinion  as  to  whether  the 
metal  should  be  painted  before  being  imbedded  or  not.  It  is  probably  best  to  paint 
the  metal  if  it  is  not  to  be  imbedded  at  once,  or  is  not  to  be  used  in  concrete-steel  con- 
struction where  the  adhesion  of  the  cement  to  the  metal  is  an  essential  element.  When 
the  metal  is  to  be  imbedded  immediately  it  is  better  not  to  paint  it. 

Portland  Cement  Paint — A  Portland  cement  paint  has  been  used  on  the  High  St. 
viaduct  in  Columbus,  Ohio,  with  good  results.  The  viaduct  was  exposed  to  the  fumes 
and  blasts  from  locomotives,  so  that  an  ordinary  paint  did  not  last  more  than  six  months 
even  on  the  least  exposed  portions.  The  method  of  mixing  and  appl3ning  the  paint  is 
described  in  Engineering  News,  April  24th  and  June  5th,  1902,  as  follows:  "The  surface 
of  the  metal  was  thoroughly  cleaned  with  wire  brushes  and  files — the  bridge  had  been 
cleaned  with  a  sand  blast  the  previous  year.  A  thick  coat  of  Japan  drier  was  then 
applied  and  before  it  had  time  to  dry  a  coating  was  applied  as  follows:  Apply  with  a 
trowel  to  the  minimum  thickness  of  ^v  in.  and  a  maximum  thickness  of  i  in.  (in  extreme 
cases  I  in.)  a  mixture  of  32  lb.  Portland  cement,  12  lb.  dry  finely  ground  lead,  4  to  6  lb. 
boiled  linseed  oil,  2  to  3  lb.  Japan  drier."  After  a  period  of  about  two  years  the  coating 
was  in  almost  perfect  condition  and  the  metal  under  the  coating  was  as  clean  as  when 
painted.  The  cost  of  the  coating  including  the  hand  cleaning,  materials  and  labor  was 
8  cts.  per  sq.  ft. 

Gunite. — The  metal  to  be  protected  is  covered  with  wire  mesh  or  expanded  metal 
reinforcement.  The  cement  mortar  is  applied  to  the  reinforcement  by  means  of  a 
cement  gun.  For  metal  exposed  to  engine  blasts  the  cement  mortar  should  be  at  least 
1 J  in.  thick.  For  a  description  of  the  cement  gun  and  of  its  work,  see  Journal  Western 
Society  of  Engineers,  Vol.  19,  1914,  pp.  272-318. 

SPECIFICATIONS. — For  specifications  for  painting  steel  structures,  see  §  190 
to  §  194  and  §  211,  Appendix  I. 

References. — For  additional  data  on  the  subject  of  paints  and  painting,  see  the 
following: — 

Wood's  "Rustless  Coatings,"  John  Wiley  &  Sons,  Inc. 
Wilson's  ''Corrosion  of  Iron,"  McGraw-Hill  Book  Co.,  Inc. 
Lang's  "Corrosion  of  Iron  and  Steel,"  McGraw-Hill  Book  Co.,  Inc. 
Cushman  and  Gardner's  "Corrosion  and  Preservation  of  Iron  and  Steel,"  McGraw- 
Hill  Book  Co.,  Inc. 
Gardner's  "Paint  Technology  and  Tests,"  McGraw-Hill  Book  Co.,  Inc. 
Sabin's  "Red  Lead  and  How  to  Use  it  in  Paint,"  John  Wiley  &  Sons,  Inc. 


CHAPTER  XXXVI. 
Design  of  a  Steel  Roof  Truss. 

• 

1.  Problem. — Design  a  st^el  roof  truss  to  rest  on  brick  walls.  The  distance 
center  to  center  of  end  connections  is  50  ft.  0  in.  The  tjrpe  of  truss  shown  in  (c),  Fig.  4, 
Chapter  XXV,  is  best  suited  to  this  span  and  will  be  used.  A  pitch  of  i  will  be  adopted, 
making  the  center  height  12  ft.  6  in.  Trusses  will  be  spaced  16  ft.  0  in.  center  to  center. 
The  truss  is  to  be  designed  to  comply  with  the  ''General  Specifications  for  Steel  Frame 
Buildings/'  Appendix  I.  The  properties  of  sections  will  be  taken  from  the  author's 
"Structural  Engineers'  Handbook." 

2.  Loads. — The  roof  covering  will  be  corrugated  steel  placed  directly  on  the  purlins. 
The  purlins  should  be  spaced  for  a  minimum  normal  load  of  30  lb.  per  sq.  ft.,  and  will 
be  placed  at  the  panel  points,  or  4  ft.  8  in.  centers.  From  Fig.  4,  Chapter  XXVIII, 
it  will  be  seen  that  No.  18  corrugated  steel  must  be  used.  Condensation  lining  weighing 
about  1.0  lb.  per  sq.  ft.  of  horizontal  projection  will  be  provided.  A  maximum  snow 
load  of  20  lb.  per  sq.  ft.  of  horizontal  projection  will  be  assumed.  The  minimum  snow 
load  will  be  taken  as  10  lb.  per  sq.  ft.  of  horizontal  projection.  The  wind  load  will  be 
taken  as  the  normal  component  of  a  horizontal  wind  pressure  of  30  lb.  per  sq.  ft.  as 
reduced  by  Duchemin's  formula,  (6),  Chapter  XXIV,  and  Pn  =  22.4  lb.  per  sq.  ft.  of 
roof  area.  The  weight  of  the  roof  truss  per  square  foot  of  horizontal  projection  is 
estimated  by  the  formula,  w  =  (P/45)  (1  +  (L/5VA))  as  given  in  §  14,  Specifications. 
For  an  assumed  capacity  of  40  lb.  per  sq.  ft.  of  horizontal  projection,  ty  =  3.1  lb.  per 
sq.  ft.  of  horizontal  projection.    The  approximate  weight  of  the  roof  will  be: — 

Trusses 3.1  lb.  per  sq.  ft. 

Purlins  and  bracing 2.9  "     "     "    " 

Corrugated  Steel 3.0  "     "     "    " 

Lining. . , 1.0  "     "     "    " 

Total 10.0  lb.  per  sq.  ft.  hor.  proj. 

3.  Panel  Loads. — Each  panel  has  74.7  X  0.8944  =  66.8  sq.  ft.  horizontal  projec- 
tion, so  the  dead  panel  load  will  be  66.8  X  10  =  668  lb.  (use  670  lb.).  The  minimum 
snow  load  on  each  panel  is  66.8  X  10  =  668  lb.  (use  670  lb.).  The  maximum  snow 
load  is  66.8  X  20  =  1,336  lb.  (use  1,340  lb.).  The  wind  load  per  panel  is  74.7  X  22.4 
=  1,675  lb. 

4.  STRESS  DIAGRAMS.— The  stress  diagram  for  dead  loads  is  shown  in  Fig.  1. 
The  stresses  due  to  snow  loads  are  proportional  to  the  dead  load  stresses  and  may  be 
obtained  by  changing  the  scale  of  the  dead  load  stress  diagram,  or  by  multiplying 
the  dead  load  stresses  by  the  ratio  of  the  snow  load  to  the  dead  load.  The  stress 
diagram  for  wind  loads  is  shown  in  Fig.  1,  and  is  drawn  assuming  the  left  end  fixed  and 
the  right  end  free  to  move. 

The  maximum  stresses  arc  found  by  combining  dead  and  maximum  snow  loads, 
dead  and  wind  loads,  and  dead,  minimum  snow  and  wind  loads.    Each  member  will  be 
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designed  for  the  combination  that  gives  the  greatest  stress  in  that  member.     The 
stresses  are  given  in  Table  I. 

TABLE  I. 

Stresses  in  Roof  Truss  in  Pounds. 


Dead 

Max. 

Min. 

Wind 

Wind 

Combined  Streaa. 

Max.  Stress. 

Member. 

Load. 

Snow. 

Snow. 

Wind- 
ward. 

Lee- 
ward. 

Ten- 

Com- 

1 

2 

3 

4 

5 

1  +2 

1  +3+4 

1  +4 

sion. 

pres- 
sion. 

UUi 

i-x 

+  8,220 

+  16,440 

+  8,220 

+  12,250 

+  5,600 

+  24,660 

+  28,690 

+  20,470 

28,690 

U,Ut 

i-x 

-h  7,510 

+  15,020 

+  7,510 

+  11,100 

+  5,600 

+  22,530 

+  26,120 

+  18,610 

26,120 

UiUz 

3'X 

+  7,615 

+  15,230 

+  7,615 

+  12,250 

+  5,600 

+  22,845 

+  27,480 

+  19,865 

27,480 

UtU, 

6-x 

+  7,310 

+  14,620 

+  7,310 

+  12,250 

+  5,600 

+  21,930 

+  26,870 

+  19,560 

26,870 

U4US 

7-x 

+  6,6is 

+  13,230 

+  6,6is 

+  11,100 

+  5,600 

+  19,845 

+  24,330 

+  17,715 

24,330 

U,Ut 

S-x 

+  6,72s 

+  13,450 

+  6,725 

+  12,250 

+  5,600 

+  20,175 

+  25,700 

+  18,975 

25,700 

uu 

i-y 

-  7,335 

-  14,670 

-  7,335 

-  15,000 

-  5,630 

—  22,005 

-  29,670 

-  22,335 

29,670 

uu 

4-y 

—  6,000 

—  12,000 

—  6,000 

-  11,250 

-5,630-  18,000,-23,250 

—  17,200 

23,250 

uu 

9-y 

-  4,010 

—    8,020 

-  4,010 

-    5,360 

-5,360 

-  12,030^-  13,650 

-  9,640 

13,650 

u,u 

1-2 

+     720 

+     1,440 

+    720 

+     2,000 

+    2,160+    3,440 

+  2,720 

3,440 

U,Li 

2-3 

+    720 

+    1,440 

+    720 

+    2,000 

+    2,160;+    3,440 

+  2,720 

3,440 

UtLi 

3-4 

-  1,335 

—    2,670 

-  1,335 

-     3,750 

-    4,005 

-    6,420 

-  5,085 

6,420 

UtLt 

4-5 

+  1,790 

+    3,580 

+  1,790 

+    5,030 

+    5,370+    8,610 

+  6,820 

8,610 

UtM 

5-6 

-  1,335 

-    2,670 

-  1,335 

-     3,750 

-    4,005  -    6,420 

-  5,085 

6,420 

UaM 

6-7 

+    720 

+     1,440 

+     720 

+     2,000 

+    2,160+    3,440 

+  2,720 

3,440 

UiM 

7-8 

+    720 

+    1,440 

+    720 

+     2,000 

+   2,i6o|+   3,440 

+  2,720 

3,440 

UbM 

8-9 

-  3,345 

-    6,690 

-  3,345 

-    9,430 

—  10,035  —  16,120 

-  12,775 

1,6120 

LtM 

5-9 

—  2,010 

—    4,020 

—  2,010 

-     5,680 

-  6,030-  9,700 

-    7,690 

9,700 

5.  Design  of  Purlins. — The  component  of  the  dead,  snow  and  wind  loads  in  the 
plane  of  roof,  carried  by  one  purlin  is  66.8  X  (6.9  +  10  +  0)  X  0.4463  =  505  lb. 
The  normal  component  of  the  dead,  snow  and  wind  loads  carried  by  one  purlin  is 
66.8  X  (6.9  +  10)  X  0.8944  +  74.7  X  22.4  =  2,685  lb.  Sag  rods  will  be  provided  at 
the  middle  of  the  purlins  and  will  carry  the  component  of  4;he  load  along  the  roof,  so 
the  purlins  need  only  be  designed  for  the  component  normal  to  the  roof.  The  maximum 
bending  moment 

M  =  2,685  X  16  X  12/8  =  64,500  in.-lb.  I/C  =  M/S  =  64,500/16,000  =  4.03  in.» 
A  6  in.  channel  at  8  lb.  has  a  section  modulus  of  4.3  in.*,  and  satisfies  the  requirement 
that  the  depth  shall  not  be  less  than  tV  of  the  span,  so  will  be  used.  The  same  size 
purlin  is  given  in  Table  I,  Chapter  XXV. 

6.  DESIGN  OF  MEMBERS.— The  specifications  require,  §  109,  that  the  main 
members  shall  be  composed  of  sections  symmetrically  placed,  such  as  two  angles  back 
to  back.  Secondary  members  such  as  the  sub-struts  and  the  sag  tie  at  the  center  of  the 
truss  are  usually  made  of  one  angle.  Stitch  rivets  will  be  used  to  insure  members 
composed  of  two  angles  acting  as  a  unit  and  the  value  of  l/r  for  each  angle,  between  stitch 
rivets,  should  not  exceed  l/r  for  the  whole  member.  The  length  of  a  main  compression 
member  must  not  exceed  125  times  its  least  radius  of  gyration,  or  150  times  its  least 
radius  of  gyration  for  laterals  and  sub-struts,  §  41.  The  length  of  a  tension  member 
must  not  exceed  200  times  its  least  radius  of  gyration,  §  42.  The  distance  center  to 
center  of  end  connections  is  taken  as  the  length  of  a  member,  §  36.    f  in.  connection 
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plates  and  f  in.  diam.  rivets  will  be  used.    Allowable  stresses  in  rivets  are  given  in  §  36 
of  Specifications  and  in  Table  I,  Chapter  XXVII. 

6.  Design  of  Compression  Members. — Member  LoU%, — ^The  top  chord  will  be  made 
of  the  same  section  throughout.  Any  saving  in  material  effected  by  using  smaller 
sections  for  the  less  stressed  members  will  be  overcome  by  the  cost  of  the  extra  splices 
made  necessary.  Maximum  stress  =  +  28,690  lb.  Unsupported  length  will  be  taken 
as  14  ft.  =  168  in.  Ijr  must  not  exceed  125,  so  minimum  r  =  168/125  =  1.35  in. 
Two  angles,  3^  in.  X  3  in.  X  i^  in.,  |  in.  back  to  back,  long  legs  out,  will  be  tried. 
r  =  1.66,  area  =  3.86  sq.  in.  Allowable  stress,  S  =  16,000  —  70  X  168/1.66  =  8,900 
lb.  per  sq.  in.  Required  area  =  28,690/8,900  =  3.23  sq.  in.  Two  angles  3^  in.  X  3  in. 
X  4  in.  or  two  angles  3^  in.  X  2^  in.  X  V^  in.  are  satisfactory  as  far  as  stress  is  odd- 
cerned,  but  the  larger  section  will  be  used  to  increase  the  rigidity  of  the  top  chord,  par- 
ticularly during  erection. 

Member  VzLi. — Maximum  stress  =  +  8,610  lb.  Length  =  7  ft.  0  in  =  84  in. 
Minimum  r  =  84/125  =  .067  in.  Try  two  angles  2^  in.  X  2  in.  X  J  in.,  r  =  0.78  in., 
area  =  2.12  sq.  in.  Allowable  stress  «  16,000  -  70  X  84/0.78  =  8,460  lb.  per  sq.  in. 
Required  area  =  8,610  -^  8,460  «  1.02  sq.  in.  Two  angles  2  in.  X  2  in.  X  1  in. 
(minimum  section)  give  a  value  of  Ijr  =  84/0.61  =  138,  which  is  too  large.  Two  angles 
2 J  in.  X  2  in.  X  i  in.  will  be  used. 

Sub-strut  U\Li. — Maximum  stress  =  +  3,440  lb.  Length  =  4  ft.  3  in.  =  61  in. 
Minimum  r  =  51/150  »=  0.34  in.  Try  one  angle  2  in.  X  2  in.  X  \  in.  (minimum 
section),  r  =  0.39  in.,  area  =  0.94  sq.  in.  Allowable  stress,  S  =  16,000  -  70  X  51/0.39 
=  6,840  lb.  per  sq.  in.  Required  area  =  3,440  -^  6,840  =  0.50  sq.  in.  Sufficient  area 
is  provided.     All  sub-struts  will  be  made  of  one  angle  2  in.  X  2  in.  X  \  in. 

7.  Design  of  Tension  Members.  —  Mem&er  LqIz. — Members  LoLi  and  LiLt  will 
be  made  of  the  same  section.  It  usually  will  be  found  that  any  saving  in  material  in 
member  Li  Lt  will  be  offset  by  the  extra  cost  of  the  connection  at  joint  Li.  A  field  splice 
will  be  provided  at  joint  Lt  in  order  to  facilitate  shipment  of  parts  of  the  truss.  Maxi- 
mum stress  =  -  29,670  lb.  Required  net  area  =  29,670  -^  16,000  =1.85  sq.  in. 
Two  angles  2\  in.  X  2|  in.  X  \  in.  furnish  a  net  area  of  2.00  sq.  in.  (assuming  {  in.  diam. 
rivets  and  one  hole  deducted).  Ijr  =  15.6  X  12  -^  1.19  =  157.  Z/r  must  not  exceed 
200.     Two  angles  2j  in.  X  2\  in.  X  }  in.  will  be  used. 

Member  L%L^', — Maximum  stress  =  —  13,650  lb.  Required  net  area  =  13,650 
-^  16,000  =  0.86  sq.  in.  Two  angles  2  in.  X  2  in.  X  \  in.  will  be  found  to  give  sufficient 
area  but  will  not  satisfy  the  requirement  that  IJr  must  not  exceed  200.  Minimum 
r  =  18.8  X  12  -^  200  =  1.13  in.  Two  angles  2^  in.  X  2j  in.  X  J  in.,  |  in.  back  to 
back,  have  a  value  of  r  =  1.19  in.  Using  a  sag  tie  of  sufficient  strength  to  afford 
support  at  the  middle  of  member  LsLi',  the  minimum  r  around  a  horizontal  axis 
must  be  r  =  9.4  X  12  -5-  200  =  0.57  in.  Two  angles  2j  in.  X  2|  in.  X  J  in.  satisfy 
this  requirement,  so  will  be  used. 

Member  ViLi. — Maximum  stress  =  —  6,420  lb.  Required  net  area  =  6,420 
-5-  16,000  =  0.40  sq.  in.  Two  angles  2  in.  X  2  in.  X  \  in.  furnish  1.50  sq.  in.  llr 
=  7.8  X  12/0.61  =  153.  One  angle  3  in.  X  2^  in.  X  \  in.  or  one  angle  2|  in.  X  2}  in. 
X  \  in.  will  furnish  sufficient  area,  but  since  UiLi  is  a  main  member  it  will  be  made  of 
a  symmetrical  section  with  2  angles  2  in.  X  2  in.  X  \  in. 

Member  L\M  will  be  made  of  the  same  section. 
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Member  U^M. — Maximum  stress  =  —  16,120  lb.  Required  net  area  =  16,120 
-5-  16,000  =  1.01  sq.  in.  Two  angles  2  in.  X  2  in.  X  i  in.  (minimum  section)  furnish 
a  net  area  of  1.50  sq.  in.  l/r  =  15.6  X  12/0.99  =  189.  Even  if  the  section  for  member 
U%M  could  be  reduced,  no  economy  would  result  on  account  of  the  splice  at  joint  M. 
Members  U^M  and  ML2  will  be  made  of  two  angles  2  in.  X  2  in.  X  J  in. 

8.  Design  of  Joints. — Sufficient  rivets  will  be  furnished  at  each  joint  to  develop 
the  full  strength  of  all  members  meeting  at  the  joint.  |-in.  gusset  plates  and  |-in. 
rivets  will  be  used.  An  allowable  unit  shearing  stress  of  12,000  lb.  per  sq.  in.  for  shop 
rivets  and  10,000  lb.  per  sq.  in.  for  field  rivets  will  be  used.  A  bearing  stress  of  24,000 
lb.  per  sq.  in.  for  shop  rivets  and  20,000  lb.  per  sq.  in.  for  field  rivets  will  be  used.  At 
least  two  rivets  will  be  used  at  the  end  of  each  member.  For  allowable  stresses  in 
rivets,  see  §  36  Specifications,  and  Table  I,  Chapter  XXVII. 

Member  LoU%  will  require  3.86  X  8,900  -¥■  5,630  =  6  shop  rivets  at  Lo,  since 
bearing  on  a  |-in.  plate  controls  the  number  of  rivets.  At  joints  Ui,  Utf  Uz,  Ua  and  17^, 
sufficient  rivets  must  be  provided  to  transfer  the  panel  load  to  the  gusset  plate.  One 
will  be  sufficient,  but  at  least  two  will  be  provided.  At  joint  U^  either  the  right  or  left 
section  of  the  truss  will  have  to  be  field-riveted  to  the  gusset  plate,  the  other  being 
shop-riveted.  It  is  desirable  to  keep  the  gusset  plate  symmetrical  about  the  center 
line  of  the  truss,  so  the  number  of  rivets  will  be  determined  by  the  field  connection 
and  will  be  3.86  X  8,900  -5-  4,690  =  8  rivets.  At  joint  Lo,  member  LoLi  will  require 
2.00  X  16,000  ^  5,630  =  6  shop  rivets.  The  number  of  rivets  in  the  lower  chord  at 
joint  1/2  will  be  determined  by  the  maximum  difference  in  stress  between  members 
LqLi  and  LiLj,  and  will  be  6,420  -^  5,630  =  2  shop  rivets.  At  joint  L2,  member 
L1L2*  requires  2.00  X  16,000  4-  5,630  =  6  shop  rivets.  Member,  l^W  will  be  field- 
riveted  at  both  ends  and  will  require  2.00  X  16,000  -h  4,690  =  7  field  rivets.  The 
connection  plate  for  the  bracing  in  the  plane  of  the  lower  chord  may  take  one-half  of 
the  rivets  for  these  members.  The  sub-struts  each  require  0.94  X  6,840  -^  3,680  =  2 
shop  rivets.  Members  U3L1  and  UzM  each  require  1.50  X  16,000  -4-  5,630  =  4  shop 
rivets  at  Uz  and  1.50  X  16,000  -5-  5,630  =  4  shop  rivets  at  joints  Lj  and  M  respec- 
tively. Considerable  excess  cross  section  area  is  furnished  in  these  members,  in  order 
to  use  a  symmetrical  section  and,  since  4  rivets  require  an  unnecessarily  large  gusset 
plate,  the  number  of  rivets  will  be  reduced  to  3.  Two  rivets  are  ample  to  transfer 
the  calculated  stress  in  the  member.  Member  UtL^  requires  2.12  X  8,460  -^  5,630  =  4 
shop  rivets.  Member  U^M  will  be  shop-riveted  or  field-riveted  at  joint  U$.  The 
number  of  rivets  required  will  be  1.50  X  16,000  -^  4,690  =  6  rivets.  At  joint  Af ,  mem- 
ber UiM  requires  sufficient  rivets  to  transfer  the  maximum  difference  in  stress  in 
members  U^M  and  M Lj,  or  6,420  4-  3,750  =  2  shop  rivets,  the  same  as  at  joint  Li. 
At  joint  1/2,  member  Af  L2  requires  1.50  X  16,000  -s-  5,630  =  5  shop  rivets. 

In  this  design,  the  shoe  brings  the  end  reaction  directly  to  the  gusset  plate.  The 
resultant  reaction  due  to  dead  load,  wind  load  and  minimum  snow  load  is  15,000  lb., 
so  the  required  number  of  rivets  between  the  shoe  angles  and  the  gusset  plate  is 
15,000  -r-  5,630  =  3  shop  rivets.  The  required  area  of  the  bed  plate  is  determined  by 
the  vertical  component  of  the  reaction,  and  will  be  14,300  -i-  250  «=  57  sq.  in.  The 
allowable  bearing  on  brick  masonry  is  taken  as  250  lb.  per  sq.  in.  If  the  bearing  value 
of  the  masonry  is  to  develop  a  bending  stress  of  16,000  lb.  per  sq.  in.  in  the  plate,  the 
thickness  of  the  plate  should  be, 0.54  in.  A  10  in.  X  12  in.  X  f  in.  plate  connected  to 
the  gusset  plate  by  2i  in.  X  2i  in.  X  f  in.  angles  will  be  used. 
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Anchor  bolts  f  in.  in  diam.  will  be  used.  These  bolts  pass  through  slotted  holes  to 
provide  for  expansion.  A  temperature  variation  of  150**  F.  must  be  provided  for,  so 
the  length  of  slot  must  be  at  least  50  X  12  X  150  X  0.0000065  =  0.585  in. 

9.  Minor  Details. — Compression  members  composed  of  two  angles  should  be 
riveted  together  at  intervals  such  that  l/r  for  the  angle  will  not  exceed  l/r  for  the  member. 
This  spacing  should  not  exceed  39  in.  in  the  top  chord  and  84  X  0.42  -s-  0.78  ==  45  in. 
for  member  UtLi.  The  usual  practice  is  to  space  stitch  rivets  about  30  in.  apart. 
Tension  members  composed  of  two  angles  are  generally  connected  by  similar  rivets 
spaced  from  36  to  48  in.  Ring  fills,  the  same  thickness  as  the  gusset  plates,  must  be 
placed  between  the  angles. 

Clip  angles  4  in.  X  3  in.  X  -fig  in.  will  be  used  for  attaching  the  purlins  to  the  top 
chord.  One  angle  2  in.  X  2  in.  X  i  in.  with  two  field  rivets  at  each  end  will  be  used 
as  a  sag  tie  on  the  center  line  of  the  truss. 

Sag  rods  |  in.  in  diam.  will  be  placed  at  the  middle  points  of  the  purlins  in  order 
to  carry  the  component  of  the  load  along  the  roof.  See  §  58  and  §  59,  Specifications, 
and  Fig.  25,  Chapter  XXV. 

10.  Lateral  Bracing. — The  trusses  will  be  placed  in  units  of  two,  braced  as  shown 
in  Fig.  2.  The  lateral  bracing  will  be  designed  to  satisfy  the  l/r  requirement,  assuming 
the  members  to  act  in  tension.  Member  LoU$  will  be  fastened  at  the  middle  and  its 
length  will  be  10  ft.  8  in.  or  128  in.  l/r  must  not  exceed  250,  so  minimum  r  »  128/250 
=  0.51  in.  One  angle  3  in.  X  2^  in.  X  }  in.  will  satisfy  this  requirement.  The  same 
section  will  be  used  for  all  the  bracing  in  the  plane  of  the  top  chord. 

Member  LoLt  in  the  plane  of  the  lower  chord  will  be  fastened  at  the  middle,  so 
its  effective  length  is  11  ft.  2  in.  or  134  in.  Minimum  r  »  134/250  =  0.54  in.  One 
angle  3  in.  X  3  in.  X  i  in.  satisfies  this  requirement  and  will  be  used.  Member  Ltln' 
has  a  length  of  12  ft.  4  in.  or  148  in.  Minimum  r  «  148/250  —  0.59  in.  One  angle 
3  in.  X  3  in.  X  i  in.  will  be  used.  Member  LsLs  will  be  designed  as  a  strut;  l/r  must 
not  exceed  150,  so  minimum  r  »  16  X  12/150  =  1.28  in.  Two  angles  4  in.  X  3  in.  X  i 
in.,  3  in.  back  to  back,  just  satisfy  this  requirement  and  will  be  used. 

11.  Drawings. — A  detail  drawing  of  this  truss  is  shown  in  Fig.  2.  A  detailed 
estimate  of  the  weight  of  this  truss  is  given  in  Table  I,  Chapter  XL. 


CHAPTER  XXXVII. 
Design  op  Beams  and  Plate  Girders. 

DESIGN  OF  BEAMS.— A  beam  carrying  loads  acting  normal  to  the  beam  is 
designed  for  shear  and  bending  moment.  If  the  shearing  stresses  were  uniformly 
distributed  the  unit  shearing  stress  would  be 

/,  =  V/A  (1) 

where  /« is  the  unit  shearing  stress,  V  is  the  total  shear  on  the  section,  and  A  is  the  area 
of  the  section  of  the  beam.  The  shearing  stresses  are  not  uniformly  distributed,  but 
vary  from  zero  at  the  extreme  fiber  to  a  maximum  at  the  neutral  axis.  For  a  rectangular 
beam  the  maximum  unit  shear  will  be  3F/2A,  for  a  circular  beam  the  maximum  unit 
shear  will  be  AV/SA,  while  for  an  I-beam  or  for  an  I-shaped  built-up  plate  girder  the 
maximum  unit  shear  is  very  closely  equal  to  67/5-4.  For  steel  I-beams  and  for  plate 
girders  the  allowable  shear  in  specifications  is  given  for  average  shear  and  it  will  there- 
fore be  sufficiently  accurate  to  assume  the  maximum  unit  shear  as  equal  to  the  average 
unit  shear. 

The  bending  moment  at  any  point  in  a  beam  is  resisted  by  the  moment  of  the 
tensile  and  the  compressive  stresses.  If  /  =  the  unit  stress  on  any  fiber  at  the  upper 
or  lower  surface  of  the  beam  due  to  bending  moment,  c  =  the  distance  of  the  fiber  from 
the  neutral  axis  of  the  beam,  and  M  =  the  bending  moment  due  to  the  external  forces, 
then 

M=f'Ilc,        or       f=M'c/I  (2) 

where  /  is  the  moment  of  inertia  of  the  cross-section  of  the  beam. 

In  designing  beams  it  is  convenient  to  use  the  ratio  S  =  IjCy  so  that  M  =  /•  /S  or 
/  =  MjS.    The  ratio  S  is  known  as  the  section  modulus. 

Values  of  7,  c,  S,  and  other  properties  of  I-beams,  channels,  angles  and  other 
structural  shapes  are  given  in  the  author's  '^Structural  Engineers'  Handbook." 

The  allowable  stresses  for  shear  and  bending  stresses  in  beams  are  given  in 
Appendix  I. 

If  a  beam  is  not  supported  to  prevent  lateral  deflection,  the  allowable  bending 
stress  must  be  reduced.  The  allowable  bending  stress  for  bending  in  the  upper  fiber 
in  a  beam  that  is  not  braced  to  prevent  lateral  deflection  may  be  obtained  from  the 
column  formula 

/c'  =  16,000  -  150//6 

where  h  is  the  breadth  of  the  upper  flange  and  I  is  the  unsupported  span,  both  in  inches. 
The  specifications  in  Appendix  I  require  that  when  rolled  beams  are  used  as  girders, 
the  allowable  unit  stress  when  Ijh  is  greater  than  20  shall  be  determined  by  the  formula, 
16,000  -  150Z/6. 

Girders  are  frequently  made  of  two  I-beams  fastened  together,  by  means  of  bolts 
and  separators  closely  spaced  as  shown  in  Fig.  2. 
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DESIGN  OF  PLATE  GIRDERS.— A  plate  girder  consists  of  a  vertical  steel  web 
plate  to  whose  top  and  bottom  edges  are  riveted  horizontal  pairs  of  angles  to  form  flanges, 
and  to  whose  ends  are  attached  vertical  angles  which  transmit  the  load  to  the  supports. 
Where  the  web  plate  is  thin  as  compared  with  its  depth,  stiffener  angles  are  riveted  on 
opposite  sides  of  the  web,  usually  in  pairs,  at  intervals  not  greater  than  the  depth  of 
the  girder,  or  six  feet.  Where  the  span  is  long,  two  or  more  plates  are  spliced  together 
to  form  the  web  plate,  and  horizontal  plates  are  riveted  to  the  flange  angles  to  increase 
the  flange  area. 

Standard  specifications  limit  the  minimum  thickness  of  the  web  plates  to  f  in. 
for  railroad  bridges  and  ^  in.  for  highway  bridges  and  for  buildings.  For  heavy  loads 
and  long  spans  the  web  plates  are  made  much  thicker  than  the  minimum  thickness. 
Thin  webs  require  more  stiffeners  and  give  a  much  shorter  life  to  the  girder. 

The  simplest  form  of  a  flange  consists  of  a  pair  of  unequal-legged  angles  with  the 
long  legs  placed  out  and  the  short  legs  riveted  to  the  web  plate.  When  additional 
rivets  are  required  in  the  connection  of  the  flanges  to  the  web  plate,  equaMcgged  angles 
with  two  rows  of  rivets  are  used.  When  additional  area  is  required,  one  or  more  cover 
plates  are  usually  riveted  to  the  horizontal  legs  of  the  angles.  The  thickness  of  the 
flanges  should  be  limited  so  that  the  rivets  will  not  be  longer  than  five  times  the  diameter 
of  the  rivet.  Flange  angles  should  never  be  thinner  than  the  web  plates  to  which  they 
are  fastened.  Where  more  than  one  flange  plate  is  used,  one  plate  should  extend  the 
full  length  of  the  girder,  the  others  being  continued  a  short  distance  (not  less  than  one 
foot)  beyond  the  point  where  the  plate  is  required.  For  steam  or  electric  railway  plate 
girder  bridges  and  in  crane  girders,  the  rivet  heads  and  the  variation  in  the  thickness  of 
the  flange  plates  makes  it  necessary  to  notch  the  cross-ties  unequally  on  bridges,  or  to 
put  blocking  under  the  rails  on  crane  girders,  so  that  other  forms  of  flange  are  some- 
times used  for  the  upper  flanges  of  long  girders.  It  is  quite  the  common  practice  to 
design  the  tension  or  bottom  flange  to  take  the  stresses  and  then  make  the  compression 
or  upper  flange  with  the  same  gross  area. 

Stresses  in  Plate  Girders. — The  maximum  shears  and  moments  are  calculated  as 
described  in  Chapter  IV  and  Chapter  V.  Plate  girders  may  be  designed  by  using  the 
moments  of  inertia  of  the  cross-section  of  the  girder,  or  by  assuming  that  the  flanges 
are  concentrated  at  their  centers  of  gravity,  in  which  case  one-eighth  of  the  web  is  taken 
as  effective  as  flange  area.    The  shear  is  assumed  as  all  taken  by  the  web  plate. 

The  following  nomenclature  will  be  used. 

Ap  »  gross  area  of  one  flange,  in  sq.  in. 
Ap'  ^  net  area  of  one  flange  in  sq.  in. 
Au,   =  t'h  ==  area  web  plate  in  sq.  in. 

h  =  distance  between  centers  of  gravity  of  the  flanges  in  in. 

h'  =  distance  between  gage  lines  of  rivets  in  tension  and  compression  flanges  in  in. 
M  =  resisting  moment  of  the  section  in  in.-lb. 

V  =  vertical  shear  at  the  section  in  lb. 

I  =  moment  of  inertia  of  gross  section  in  in.* 

r  =  moment  of  inertia  of  net  section  in  in.* 

c  =  distance  in  in.  from  neutral  axis  to  extreme  fiber. 

d  =  distance  in  inches  from  neutral  axis  to  any  rivet. 

t  =  thickness  of  web  plate  in  in. 


FLANGE  AREAS. 
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/  =  allowable  stresses  in  flanges  in  lb.  per  sq.  in. 

p  =  pitch  of  rivets  in  flanges  in  in. 

r  =  allowable  resistance  of  one  rivet  in  lb. 
2n  =  number  of  rivets  on  one  side  of  a  web  splice. 

w  =  concentrated  load  in  lb.  per  unit  length  of  rail  =  P/l,  where  P  =  con- 
centrated load  in  lb.,  and  I  ^  distance  in  in.  over  which  load  P  is  considered  as  uniformly 
distributed,  usually  taken  for  crane  girders  as  25  inches. 

Flange  Area. — The  moment  of  inertia  of  the  gross  cross-section  of  a  plate  girder  is 
approximately,  /  =»  2Air(i^)^  +  ^  A'/12,  and  c  =  ^h.    Then  from  equation  (2) 


M  =f'Ilc 

=  Arf'h  +  t'f'h^/6 
=  Ap'f'h  +  Au,'f'hl6 
=  fiAp  +  AJ6)h 


(3) 


This  shows  that  approximately  one-sixth  of  the  web  is  available  as  flange  area  if  the 
gross  areas  are  considered.  On  account  of  the  reduction  of  the  flange  area  due  to  rivet 
holes,  one-eighth  of  the  area  of  the  web  may  be  taken  as  available  as  flange  area,  and 


M  =  fiAp'  +  A^IS)h 


(4) 
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Fig.  1. 


Equation  (4)  may  be  obtained  from  (a)  Fig.  1,  by  equating  the  moment  of  the 
couple  with  forces  j{Ap'  -f-  Aw/S)  acting  with  an  arm  A,  to  the  resisting  moment  M, 
If  the  flanges  are  assumed  to  take  all  the  bending  moment 


M  =f'Ap''h 


(5) 


656  DESIGN  OF  BEAMS  AND  PLATE  GIRDERS.         Chap.  XXXVH. 

The  net  section  of  the  tension  flange  is  to  be  determined  as  described  in  Chapter 
XXVII,  and  as  specified  in  §  47,  Appendix  I.  Rivet  holes  are  to  be  taken  08  |  in. 
larger  than  the  nominal  size  of  the  rivet. 

In  designing  the  compression  flange  the  unit  stress  should  not  exceed  16,000 
—  150//6  lb.  per  sq.  in.,  where  /  =  unsupported  length  of  upper  flange,  and  h  «  width 
of  flange,  both  in  inches.  Tension  and  compression  flanges  should  preferably  have 
the  same  gross  area. 

Rivets  in  Flanges. — ^The  loads  produce  shearing  stresses  in  the  web,  which  are 
transferred  to  the  flanges  by  means  of  stresses  in  the  rivets  that  fasten  the  flanges  to 
the  web  plate.     In  (c)  Fig.  1,  by  taking  moments  about  the  lower  left  hand  rivet-, 

V'p  =  r'h' 
and 

p  :=r'  h'lV  (6) 

If  one-eighth  of  the  web  is  available  as  flange  area,  the  proportion  of  the  shear 
producing  flange  stress  will  be 

r  =  F-  Ap'l{Ap'  +  AW8) 
and 

V- JT—^-y  (7) 

Rivets  in  Flanges  Carrying  Concentrated  Loads. — In  (e)  Fig.  1,  the  flange  rivets 
carry  a  shear  due  to  the  load  P,  in  addition  to  the  shear  due  to  bending  moment.  A 
crane  girder  load  is  usually  assumed  as  distributed  by  the  rail  uniformly  over  a  length 
of  25  in.  If  u;  is  the  uniform  load  per  lineal  inch,  the  shearing  stress  on  each  rivet  in 
the  upper  flange,  when  all  the  bending  moment  is  taken  by  the  flanges  will  be 

r 
V  =      '  •  (8) 


V-^©' 


and  where  one-eighth  of  the  web  is  available  as  flange  are 

r 


Rivets  Connecting  Cover  Plates  to  Flange  Angles. — Assuming  that  all  the  bending 

moment  is  carried  by  the  flanges,  or  that  one-eighth  the  gross  area  of  the  web  is  available 
as  flange  area, 

n-fd"  Ap 

V  =  -^-r:^  (10) 

where  n  =  number  of  rivets  on  one  transverse  line; 

r  =  value  of  one  rivet  in  single  shear  or  bearing; 
d  ^  distance  back  to  back  of  angles; 
Ac  =  total  net  area  of  cover  plates  in  one  flange. 
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Web  Splice. — An  ordinary  web  splice  is  shown  in  Fig.  1.  Two  lines  of  rivets 
should  be  used  in  each  section  of  the  web.  The  rivet  most  remote  from  the  neutral 
axis  is  the  most  severely  stressed. 

(1)  Assuming  that  all  the  bending  moment  is  carried  by  the  flanges, 

r  =  7/2n,        and        2n  =  Y\r  (11) 

where  2n  is  the  number  of  rivets  on  one  side  of  web  splice. 

(2)  Assuming  that  one-eighth  the  area  of  web  is  available  as  flange  area.  The 
stress  in  the  outermost  rivet  is  given  by  the  formula,  where  Af'  is  moment  carried  by 
web  and  d  is  the  distance  from  the  neutral  axis  of  the  girder  to  any  rivet, 

Flange  Splice. — Flanges  should  never  be  spliced  unless  it  is  impossible  to  get 
material  of  the  required  length.  Flange  splices  should  always  be  located  at  points 
where  there  is  an  excess  of  flange  section;  no  two  parts  of  the  flange  should  be  spliced 
within  two  feet  of  each  other.  Rivets  in  splice  plates  and  angles  should  be  located  as 
close  together  as  possible  in  order  that  the  transfer  may  take  place  in  a  short  distance. 
No  allowance  should  be  made  for  abutting  edges  of  spliced  members  of  the  compression 
flange. 

Flange  angles  should  be  spliced  with  a  splice  angle  of  equal  section  riveted  to  both 
legs  of  the  angle  spliced.  Where  this  is  impossible  the  largest  possible  splice  angle 
should  be  used  and  the  difference  made  up  by  a  plate  riveted  to  the  vertical  leg  of  the 
opposite  angle.  The  number  of  rivets  required  in  the  splice  angle  on  each  side  of  the 
joint  in  the  angle  is  given  by  the  formula 

n=^  (13) 

r 

where  /  =  the  allowable  unit  stress  in  the  flange,  A  =  area  of  spliced  angle,  and 
r  =  allowable  stress  on  one  rivet.  Rivets  which  are  already  considered  as  transferring 
the  shear  may  be  considered  as  splice  rivets  if  they  are  included  in  the  splice  angle. 

Cover  plates  should  be  spliced  with  a  splice  plate  of  equal  section.  The  number  of 
rivets  required  in  the  splice  plate  on  each  side  of  the  joint  is  determined  by  the  above 
formula  if  the  plates  are  in  direct  contact  in  the  same  way  as  for  splice  angles.  Where 
one  or  more  plates  intervene  between  the  splice  plate  and  cover  plate  which  it  splices, 
rivets  should  be  used  on  each  side  of  the  joint  in  excess  of  the  number  required  in  case 
of  direct  contact,  to  an  extent  of  one-third  that  number  for  each  intervening  plate. 

Design  of  Web  Stiffeners.  — Web  stiffeners  are  used  to  prevent  the  buckling  of  the 
web  plate,  and  are  usually  spaced  somewhat  less  than  the  depth  of  the  girder.  There  is 
no  rational  method  for  the  design  of  stiffener  angles.  Tests  show  that  the  stiffener 
acts  as  a  beam  to  prevent  buckling  of  the  web  and  is  not  appreciably  stressed  in  the 
direction  of  its  length,  except  where  it  is  used  at  points  of  concentrated  loading.  A 
common  specification  is  that  "The  distance  between  stiffeners  shall  not  exceed  that 
given  by  the  following  formula  (and  not  greater  than  the  clear  depth  of  the  web); 
d  =  ((12,000  —  8)/40,  where  d  —  clear  distance  between  stiffeners  of  flange  angles, 
t  =  thickness  of  web,  «  =  shear  in  lb.  per  sq.  in.    Where  stiffeners  are  required  they  shall 
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Fio.  2.    Stamdabd  Details  poe  Rolled  Beams. 
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be  designed  as  columiiB  with  an  allowable  unit  stress  of  P  "  16,000  —  70llr,  where 
I  =  one-half  the  depth  of  girder  and  r  =  radius  of  gyration  of  the  stitTener  angles 
at  right  angles  to  the  web  plate,  both  in  inches.  Stiffeners  shall  be  provided  at  ends 
and  at  all  points  of  concentrated  loading,  and  shall  coittain  enough  rivets  to  transfer 
the  vertical  shear  to  the  web  plate." 

Camber. — Plate  girders  are  cambered  by  separating  the  web  plates  by  the  required 
amount,  in  the  upper  part  of  the  web  splice.  Plate  girders  in  which  a  single  web  plate 
is  used  without  a  splice  cannot  be  cambered.  Many  engineers  do  not  camber  plate 
girders. 

Economical  Depth. — Plate  girders  are  commonly  made  with  a  depth  of  from  i  to 
T^j  of  the  span.  An  approximate  empirical  rule  for  the  depth  is  to  make  the  area  of  the 
two  Sangen  equal  to  the  area  of  the  web  plate. 

Examples  of  I-beam  Girders. — Details  of  I-beam  girders  are  shown  in  Fig.  2  and 
Fig.  3.  Details  of  a  channel  when  used  as  a  girder  are  shown  in  Fig.  2.  The  beams  in 
Fig.  2  have  standard  connection  angles.  For  standard  connection  angles  for  I-beams 
and  channels,  see  Fig.  18,  Chapter  XXVII.    The  girder  in  Fig.  3  is  made  of  two  I-beams 
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fastened  together  by  means  of  bolts  and  cast-iron  separators.  For  standard  cast-iron 
separators,  see  the  author's  ''Structural  Engineers'  Handbook." 

Examples  of  Plate  Girders. — Details  of  two  plate  girders  designed  to  carry  a 
moving  crane  are  given  in  Fig.  4.  The  top  flanges  are  made  of  two  angles  and  a  cover 
plate,  while  the  bottom  flanges  are  made  of  two  angles.  Girder  G9  ia  designed  to  be 
riveted  to  a  column,  while  girder  GIO  is  designed  to  rest  on  a  pedestal  and  also  to  carry 
a  second  girder  which  is  to  be  riveted  to  the  end  stiffeners.  The  stiffeners  have  fillers 
under  them,  making  crimping  unnecessary.  The  intermediate  stiffeners  might  have 
been  crimped  over  the  flange  angles  and  the  filler  omitted.  Fillers  should  always  be 
used  under  the  end  stiffeners. 

Design  of  a  Plate  Girder  for  a  Crane. 

1.  Problem. — Design  a  plate  girder  to  carry  a  25-ton  crane.  Distance  center  to 
center  of  columns  is  20  ft.  0  in.  Design  to  comply  with  the  specifications  in  Appendix  I. 
The  properties  of  sections  will  be  taken  from  the  author's  ''Structural  Engineers' 
Handbook." 

2.  LOADS. — The  wheel  loads  and  spacing  are  shown  in  Fig  .5.  The  wheel  loads 
consist  of  two  46,000-lb.  loads  spaced  10  ft.  0  in.  center  to  center. 

3.  Weight  of  Girder  and  Fastenings. — 

Assumed  weight  of  girder 150  lb.  per  lin.  ft. 

Weight  of  track  (70-lb.  rail)  and  fastenings 25  lb.  per  lin.  ft. 

Total 175  lb.  per  lin.  ft. 

4.  moments. — Moments  due  to  dead  load,  live  load  and  impact  will  be  com- 
puted at  sections  2  ft.  6  in.  apart.  The  bending  moment  due  to  dead  loads  is  calculated 
by  the  formula 

M  =  W'l'xl2  -  W'X^I2 

where  M  —  bending  moment  in  f t.-lb. ;  w  =  uniform  load  in  lb.  per  lin.  ft. ;  I  ^  span 
in  ft.,  X  »  distance  in  ft.  of  section  from  left  end  of  beam.  The  dead  load  moments  for 
the  various  sections  are  given  in  Table  I. 

In  Chapter  V  it  was  shown  that  if  the  wheel  spacing  is  less  than  0.586  times  the 
span,  the  maximum  bending  moment  occurs  with  both  wheels  on  the  span,  and  the 
maximum  moment  under  one  wheel  occurs  when  that  wheel  is  as  far  from  one  end  of 
the  beam  as  the  center  of  gravity  of  both  wheels  is  from  the  other  end. 

The  moment  at  any  section  is  calculated  by  the  formula 

2P(l  ^x-h) 
M ^ X 

where  P  —  one  wheel  load  in  lb.;  Z  =  span  in  ft.;  a:  =  distance  from  left  end  of  beam 
to  section;  a  =  wheel  spacing.  The  moment  at  any  section  may  be  obtained  by 
substituting  the  proper  value  of  x  in  the  above  equation. 

It  will  be  found  that  the  above  criterion  for  maximum  live  load  bending  moment 
will  be  satisfied  when  x  «  7.5  ft.  and  the  maximum  moment  is 

w      «  (20  -  7.5  -  5) 

ilf  =  2  X  46,000  ^ ^ X  7.5 

=  258,750  ft.-lb. 

The  other  bending  moments  are  shown  in  Table  I. 
37 
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TABLE  I. 

Moments  m  Cbane  Girder. 
(See  Fig.  5.) 


Section. 

A 

B 

c 

D 

E 

Dead  load  moment 

O 
0 
0 

3,830 

143,750 

35,940 

6,560 

230,000 

57,500 

8,200 

258,750 
64,690 

8,750 
230,000 

57,500 

Live  load  moment 

Impact  moment 

Total  ft.-lb 

0 

183,520 

294,060 

331,640 

296,250 

The  live  load  bending  moment  will  be  increased  25  per  cent  to  take  care  of  impact 
stresses,  i  35,  Specifications. 

The  girder  will  be  designed  for  the  maximum  total  bending  moment  to  which  it  is 
subjected.  The  maximum  moment  at  D  will  be  found  from  Table  I  to  be  331,640  ft.-lb. 
The  maximum  bending  moment  in  the  girder  will  be  found  by  adding  the  bending 
moments  due  to  dead  load,  live  load  and  impact  to  occur  at  a  distance  of  7.55  ft.  from 
the  left  end,  and  to  be  331,640  ft.-lb.  It  may  usually  be  safely  assumed  for  crane  girders 
that  the  maximum  moment  occurs  at  the  point  of  maximum  live  load  bending  moment. 

5.  SHEARS. — The  shears  will  be  calculated  at  sections  2  ft.  6  in.  apart.  The 
dead  load  shear  is  calculated  by  the  formula 

V  =  iw'l  —  wx 

when  w  «  uniform  load  in  lb.  per  lin.  ft.;  I  «=  span  in  ft.;  x  =  distance  of  section  from 
left  end.     The  dead  load  shears  are  shown  in  Table  II. 

TABLE  II. 

Shears  in  Crane  Girder. 
(See  Fig.  5.) 


Section. 

A 

B 

C 

D 

E 

Dead  load  shear 

1,750 
69,000 
17,250 

1,310 
57,500 
14^375 

46,000 
11,500 

440 

34,500 

8,625 

0 

Live  load  shear 

23,000 
5,750 

Imoact  shear 

Total  lb 

88,000 

73,185 

58,375 

43*^5 

28,750 

The  maximum  live  load  shear  at  any  section  will  occur  with  one  load  just  to  the 
right  of  the  section  and  is  calculated  by  the  formula 


V 


2P(l  ^x  -ja) 
I 


when  P  =  one  of  the  loads;  I  =  span  in  ft.;  x  »  distance  of  section  from  left  end  of 
beam;  a  »  wheel  spacing.     The  impact  factor  is  0.25,  §  35,  Specifications. 

6.  DESIGN. — The  depth  and  thickness  of  the  web  must  be  chosen  so  that  suffi- 
cient area  is  provided  to  carry  the  shear  and  the  required  depth  for  moment  is  obtained. 
The  depth  should  not  be  less  than  ^X  20  X  12  =  20  in.    The  distance  back  to  back 
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of  angles  will  be  taken  as  30^  in.    The  thickness  of  plate  will  be  taken  as  f  in.    This  is 

greater  than  ^  in.  or  j^jf  of  (30§  —  12)  =0.12  in.  as  required  by  §  50,  Specifications. 

Using  a  web  plate  30  in.  X  f  in.  the  unit  shear  on  the  gross  section  of  the  web  is 

88,000  -r-  11.25  =  7,820  lb.  per  sq.  in. 

From  Fig.  5  it  will  be  necessary  to  deduct  6  rivet  holes  to  obtain  the  net  section 
and  shear  on  net  section  of  web  is 

88,000  -h  9.00  =  9,800  lb.  per  sq.  in. 

The  allowable  unit  stress  is  10,000  lb.  per  sq.  in.,  §  39,  Specifications. 

It  will  be  assumed  that  the  distance  between  rivet  lines  is  7.5  in.  less  than  the 
distance  back  to  back  of  angles,  and  that  there  are  2  rows  of  |-in.  rivets  connecting  the 
flange  angles  to  the  web  plate.  The  approximate  rivet. spacing  in  the  flanges  near  the 
ends  will  be  from  equation  (6), 

r-h'      7,880X23 
^="7   ="~88,0()Cr=2-^^^^- 

where  p  =  pitch  of  rivets  in  in.;  r  =  allowable  stress  on  one  rivet  in  lb.,  Table  I, 
Chapter  XXVII;  k'  =  distance  between  gage  lines  of  rivets  in  in.,  and  V  =  shear  in  lb. 

Allowable  stresses  in  rivets  are  given  in  §  36  of  Specifications  and  in  Table  I,  Chapter 
XXVII. 

It  is  seen  that  a  |-in.  plate  is  satisfactory  for  rivet  spacing  at  the  ends,  so  will  be 
used.  The  pitch  of  the  rivets  connecting  the  web  plate  to  the  flanges  will  be  fully 
investigated  later. 

7.  Flanges. — The  gross  area  of  the  compression  flange  must  not  be  less  than  the 
gross  area  of  the  tension  flange.  The  allowable  unit  stress  in  the  tension  flange  is 
16,000  lb.  per  sq.  in.  on  the  net  section,  and  in  the  compression  flange  is  16,000  —  150Z/6, 
where  I  =  length  between  lateral  supports  of  the  top  flange  =  20  X  12  =  240  in.,  and 
b  =  width  of  cover  plate.  The  value  of  6  is  more  easily  estimated  after  the  tension 
flange  is  determined. 

Assuming  the  effective  depth  to  be  3  in.  less  than  the  distance  back  to  back  of 
flange  angles,  the  total  net  area  required  for  the  tension  flanges  is,  equation  (5), 

,      M       331,640  X  12 
^^  =  M  "  16,000  X  27.5  =  ^-^^  ^^-  ^^- 

where  Ap'  =  net  area  in  sq.  in.;  M  =  bending  moment  inin.-lb.;  /  =  allowable  unit 
stress  in  tension  flange;  h  =  effective  depth  in  in.  Allowing  one-eighth  of  the  web 
area  as  flange  area,  the  required  net  area  of  the  flange  ang;le6  is 

9.05  -  i  X  11.25  =  7.65  sq.  in. 

Deducting  two  holes  for  J-in.  rivets,  two  angles  6  in.  X  6  in.  X  A  ^^'  furnish  8.36  sq.  in. 
and  will  be  used.  (This  assumption  is  on  the  safe  side.  The  actual  net  area  should 
be  calculated  as  required  in  §  47,  Specifications,  after  the  girder  is  partially  detailed.) 
The  width  of  the  cover  plate,  §  51,  Specifications,  must  be  at  least  240  ■^  30  =  8 
in.  It  will  be  desirable  to  use  6-in.  angles  in  the  top  flange,  so  a  12-in.  cover  plate  will 
be  too  narrow. 
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Since  the  top  flange  must  be  designed  to  take  a  lateral  thrust  due  to  the  crane  a 
15  in.  channel  with  the  flanges  turned  down  will  be  used  as  a  cover  plate.  The  allowable 
unit  compression  in  the  top  flange,  §  51,  Specifications,  is 

240 
16,000  - 150  X   vr  =  13,600  lb.  per  sq.  in. 

15 

The  gross  area  required  for  the  compression  flange  to  take  the  vertical  loadSi  from 
equation  (5),  is 

M        331,640  X     12  . 

^^  =7../i  '    13,600X27.5'  ^^-^  '^-  '^- 

Allowing  one-eighth  of  the  web  area  as  effective  as  flange  area,  the  required  groes  area 
in  the  flange  is 

10.64  -  J  X  11.25  =  9.24  sq.  in. 

From  §  25,  Specifications,  the  top  flange  of  the  crane  girder  must  be  designed  to  take 
a  lateral  thrust  of  0.2  X  50,000  4-  4  =  2,500  lb.  on  each  of  two  wheels  spaced  10  ft. 
apart.  The  maximum  moment  will  be  at  section  Z),  Fig.  5,  and  will  be  Af  "=  1,875  X  7.5 
X  12  =  168,750  in.-lb.  Adding  25  per  cent  for  impact,  M  =  1.25  X  168,750  =  210,950 
in.-lb.  A  top  flange  section  made  of  two  angles  6  in.  X  6  in.  X  i^  in.  and  one  15  in. 
channel  @  33  lb.  will  be  investigated.  The  section  modulus  of  this  section  with  refer- 
ence to  a  vertical  axis  is  ^S  =  51  in.',  and  the  maximum  fiber  stress  due  to  lateral 
thrust  is/c'  =  210,950  -^  51  =  4,150  lb.  per  sq.  in. 

From  equation  (5)  the  stress  in  the  top  flange  due  to  transverse  loads  is 

M  331,640 

f'  ^  X7X  =  21.42  X  27.41  =  5,620  lb.  per  sq.  m. 

(The  effective  depth,  h  =  27.41  in.,  is  the  actual  distance  between  the  centers  of  gravity 
of  the  top  and  bottom  flange.)  The  maximum  stress  in  the  top  flange  will  be  4,150 
+  5,650  =  9,800  lb.  per  sq.  in.  The  section  appears  to  be  excessive.  Assuming  a  top 
flange  made  of  two  angles  6  in.  X  4  in.  X  iV  in.  and  a  12  in.  channel,  and  making  the 
necessary  calculations,  it  will  be  found  that  a  12  in.  channel  @  40  lb.  is  required,  giving 
a  weight  of  68.6  lb.  per  lineal  foot  as  compared  with  67.2  lb.  per  lineal  foot  for  the 
section  above  with  a  15  in.  channel  @  33  lb.  The  top  flange  section  with  the  15  in. 
channel  will  be  adopted. 

The  effective  depth  of  the  section  is  27.41  in.,  which  is  slightly  less  than  the 
assumed  depth,  so  no  revision  will  be  made.  The  average  distance  between  gage  lines 
is  23 1  in. 

It  will  be  assumed  that  the  rail  distributes  a  wheel  load  over  25  inches.  The 
required  pitch  of  rivets  between  the  flanges  and  web  is  given  by  equation  (9). 

7,880 
p  =       J . =  2  14  in 


\(  46,000  Y       /8.36       88,000Y 
V\"    25    7   "^^9.76^  23.75  y 


The  other  rivet  spacings  are  calculated  in  a  similar  manner.    The  spacings  actually 
used  are  shown  in  the  general  drawing.  Fig.  5. 
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The  spacing  between  the  cover  channel  and  flange  angles  is  given  by  equation 
(10).  The  required  spacing  is  considerably  larger  than  that  allowed  by  the  speci- 
fications, §  92,  Specifications,  or  16  X  f  =  6  in.,  so  the  spacing  will  be  made  6  in. 
throughout. 

8.  Stiffeners. — Stiffeners  must  be  provided  at  points  where  the  thickness  of  web 
is  less  than  g^o  of  the  unsupported  distance  between  flanges.  Stiffeners  are  not  required, 
but  end  stiffeners  and  intermediate  stiffeners  will  be  provided  as  shown  in  Fig.  5. 

The  end  stiffeners  should  have  sufficient  area  to  carry  the  total  end  shear  by 
column  action.  On  account  of  poor  bearing  of  one  leg  on  the  fillet,  only  the  outstanding 
leg  will  be  considered  as  effective.  There  will  be  no  column  action  on  the  end  stiffeners, 
so  the  required  area  will  be  88,000  -f-  16,000  »  5.50  sq.  in.  The  outstanding  legs  of 
2  angles  6  in.  X  6  in.  X  ^  in.  provide  5.75  sq.  in.,  so  will  be  used. 

The  outstanding  leg  of  the  intermediate  stiffeners  must  not  be  less  than  ^  X  30.5 
4-  2  in.  s  3.02  in.     Two  angles  4  in.  X  3  in.  X  f  in.,  long  legs  outstanding,  will  be  used. 

Filler  plates  will  be  used  under  all  stiffeners. 

The  number  of  rivets  required  in  the  end  stiffener  is  determined  by  bearing  on  the 
web.  Table  I,  Chapter  XXVII,  and  is 

88,000  -^  7,880  =  11  rivets. 

The  rivets  in  the  intermediate  stiffeners  will  be  spaced  about  4  in.  centers. 

9.  End  Connections. — The  details  of  the  end  connections  depend  upon  the  type 
of  column  used.  In  this  case,  the  right  end  of  the  girder,  as  shown  in  Fig.  5,  will  be 
riveted  to  a  column.  Single  shear  will  evidently  control,  and  the  number  of  rivets 
required  is 

88,000  4-  7,220  =  13  rivets. 
Sufficient  rivets  are  provided. 

The  other  end  of  the  girder  is  assumed  to  rest  on  a  separate  column,  or  bracket, 
and  the  only  rivets  required  here  are  for  a  A-ii»»  splice  plat«,  used  to  keep  the  girders 
in  line.    The  number  required  will  be  determined  principally  by  convenience  in  detailing. 

10.  DETAIL  PLANS. — General  detail  plans  of  the  girder  are  shown  in  Fig.  5. 
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CHAPTER  XXXVIII. 
Design  op  a  Steel  Mill  Building. 

1.  Problem. — Design  a  steel  mill  building  60  ft.  by  80  ft.,  with  columns  24  ft.  long. 
Building  to  be  covered  with  corrugated  steel.  Windows  to  be  glazed  with  factory- 
ribbed  glass  set  in  steel  sash.  The  building  is  to  be  designed  to  comply  with  the 
"General  Specifications  for  Steel  Frame  Buildings"  in  Appendix  I.  The  properties  of 
sections  will  be  taken  from  the  author's  ''Structural  Engineers'  Handbook." 

2.  General  Dimensions. — The  general  dimensions  of  the  building  will  be:  span, 
60  ft.  0  in.  center  to  center  of  columns,  pitch  i,  distance  to  foot  of  knee  brace  16  ft.  0  in., 
height  of  columns  24  ft.  0  in.,  total  height  39  ft.  0  in.,  spacing  of  bents  16  ft.  0  in.; 
length  80  ft.  0  in.,  see  Fig.  4. 

3.  Loads. — The  roof  covering  will  be  corrugated  steel  placed  directly  on  the 
purlins.  Purlins  are  spaced  for  a  minimum  normal  load  of  30  lb.  per  sq.  ft.  and  will 
be  placed  at  panel  points  or  4  ft.  2^  in.  centers.  From  Fig.  4,  Chapter  XXVIII, 
also  Table  IV,  Appendix  I,  it  is  seen  that  No.  20  corrugated  steel  must  be  used.  Anti- 
condensation  lining  weighing  about  1.0  lb.  per  sq.  ft.  horizontal  projection  will  be  pro- 
vided. The  weight  of  the  roof  truss  will  be  estimated  by  the  formula  given  in  §  14, 
Specifications.    For  an  assumed  capacity  of  40  lb.  per  sq.  ft.  horizontal  projection, 

40/  60   \ 

=  —  1 1  +       .—  I  =  3.6  lb.  per  sq.  ft.  horizontal  projection.    The  approximate 

weight  of  the  roof  will  be: — 

Trusses 3.6  lb.  per  sq.  ft.  her.  proj.   • 

Purlins  and  bracing 3.0  "     "     "    "     "       " 

CJorrugated  Steel 2.3  "     "     "    "     "       " 

Anti  Condensation  Lining 1.0"     "     "    "     "       " 

Total 9.9  lb.  per  sq.  ft.  hor.  proj. 

Use  10  lb.  per  sq.  ft.  horizontal  projection. 

A  maximum  snow  load  of  20  lb.  per  sq.  ft.  horizontal  projection  will  be  assumed. 
The  minimum  snow  load  will  be  taken  as  10  lb.  per  sq.  ft.  horizontal  projection.  The 
wind  load  will  be  taken  as  the  normal  component  of  a  horizontal  wind  pressure  of  30 
lb.  per  sq.  ft.  as  reduced  by  Duchemin's  formula  (6),  Chapter  XXIV,  or  22.4  lb.  per 
sq.  ft.  of  roof  area. 

4.  Panel  Loads. — Each  panel  has  4.19  X  16  =  67.0  sq.  ft.  of  roof  area,  or  67.0 
X  0.8944  =  60.0  sq.  ft.  horizontal  projection.  The  dead  joint  load  will  be  60.0  X  10.0 
=  60Q  lb.  The  minimum  snow  joint  load  is  60.0  X  10.0  =  600  lb.  The  maximum 
snow  joint  load  is  60.0  X  20.0  =  1,200  lb.  The  wind  joint  load  is  67.0  X  22.4  =  1,600 
lb. 

5.  Stress  Diagrams. — The  stress  diagram  for  (lead  loads  is  shown  in  Fig.  1.  The 
stresses  due  to  snow  loads  are  proportional  to  the  dead  load  stresses  and  may  be  obtained 
by  changing  the  scale  of  the  dead  load  stress  diagram  or  by  multiplying  the  dead  load 

667 


668 


DESIGN  OF  A  STEEL  MILL  BUILDING. 


Chap.  XXXVin. 


I 


P  p  Q  fC  e«^ 
Is.  fs.  «$  c4  IS. 

m   m   ti    ^^ 


o  p  o 

>5  €?>'<■ 


P 

C^  ¥*    *m    O 

f^  CO  CO  CO 


p  p  p 

in 


I 


NO 


to  m  tn  to 

c«  v«  C4  r« 


P  P  P 


8  8    SS^°°    8  8  81 

M    M 


•o«o 


J 


HHKH  HH  HH  ^-4  l>^  l-H  l-H  K^  ^^HH  H^  ^^ 

,^  NNI"H  HH  H^  CH  KH  NH  hH  f^  ►-«  HH  1-^  »«H 


H-4M4  }^}^f^ 


2  fcriP\«  c« 


en  5^ 
P  ft 


P  P  P 


P  P  P 
tn  Lo  lo 

*n  p^  lo 

v%         M         #v         •« 

(>.  «n  >-•  ^ 

d  N  €><  M 


P  P  P  P  P 

00 


P  P  P  P  P 

00  00  oo 

•^         •k         «k 

C«   d   «4 


I 


P  P  P   P 

tncD  tnP 

vc^  tnr>. 

««      «K       M      ah       ^ 

tnvo  rsoo  \ri 


J 


>£:>>  >> 


00   Is^O 


>» 


»n  P  «ni 

to  tn  »- 

*    »>    » 

M  r«  M 


^H  HS  On^  1-^  HH  *-«  N- <  ^* 


3 


3 


1 

i 


lO 

>+ 


p  tn  P  p  is.       m  CS  ^OT  Q        «o  ^  fl  p  c^ 


#k       •«        Vh        #^        * 

M  fcOVp   ««•  ««• 

M  M     M     M 


P 

en  tnio  fco  to 


P  P  P  P 
r^  r^  ^o  c^ 
«o  tnt/^  tn' 


NO       NO  v8  NO  P  P 


M     M  VP     M 


+  I  +  I   I       II +++    +11  +  1     ++++ I       II   H-h 


M>OvO  S  M 

•^       ««       ab       vk       ^ 
P     PVlS.  M    M 

4-+ I  II 


►  4- 


+ 
MM 

4- 


t/1  O^  CK  M   C^ 

•ft  »  «s  •«  ^ 

00   ^PVM  p 
**       «n  en 

++ 1  +_+_ 

NO  n  r< 
4^1  +  1     I 


O  O  Q  O  O 
nO  mob  vo  tn 

^       *«       ri       •«       •« 

P  P    M   M  VI 
en  «n  N  «  N 


p  too  5  ^ 
M  Is.  lO  ^\0 


M  OONO 

M     M     M 


O  O  P  P  P 
en  en  en  en  *o 
P  P  P  P  V4 

9*,        •»        m        0>k        9% 

VI   M   N   M   N 


P 
to 

V4 


P  P  Q  P  P 
«o  tosSvo  O 
«  e<  O  P       VO 


POOP 
to  «  f^P 
GO  rsrs.io 


e«  e«  «  ^"^       «  ^mvo 


+++++   + 1  I  I  I    ++++ I     I  I  I ++    I  I  + 1  I 


8 


to  o  tn 

.         .  «.         M         •. 

tnen  ^  ^  «n 


0  P  P  P 

Is.  to  ts 


8«^ 

O  OMs  en  ^ 
en  p  On      no 


n^\i  inn  §Hi| 

■.•.«.•.•.  M*.*.*.^  •.^•^^^ 


»4MN4l-«»4  »4»4N4t|H 


ONts»n  enc« 


I   1+++    +1   I   I   I     ++++I      I  I  I++    +4-+I  I 


+ 


88|RA 

en  F»  Os  M  Iv* 

*       r.       ».       •>       •» 

«n  O^  On  •*  P 

MM  ^  ^ 

+  +     I     +  + 


P  o  P  o  o 

VIVO  Os  -*oo 

0.       #»       «.       i.       •% 

p  On  ►*  ii*  P 
^p  en  tn  en  en 

+++++    +  I   M   I     +4-H-+  I       I  I  I  ++     M  +  II 


o 

«o 
en 

p  rs 
en  d 


P  P  P 

to  to  ts. 

OvO^'«t 


NO  NO  NO  NO    to 

to  to  to  tooo 

•k  fb  0^  ^  M 

H  n  n  n  H 


P  P  P  P  P 
to  to  to  e^  N 

00  00  00   M  M 

•^         «K         V^         9^         M 

H  H   ««  to  to 


p  to^top 

00  NO  00  LoF. 

•ft  •«  ah  •»  Mb 

envO  enoo  f) 


I 


+  + 


8| 

tn  vi 


P  P  P  P  P 
M  en  «  «*■  P 
iSi  ON  M  en  to 

Wk       mk       m,       m*       w>t 

00  i>.rsNO  to 

N   e4   N   M   M 


O  O 

to  to 

rsM 


POO 
to  to  to 
en  ts  to 

•k       aK       a^ 
to  M    ^ 

«  d  M 


c>  O*  0>  O*  P 

to  to  to  tooo 


M»i4>i4»i*»4       »i4N4Mtnen 


4-4-+++    +  I   I   I   I     ++++  I       I   II  ++ 


entoNO  to  en 
I     l+l     I 


1 


3' 


O  in 

M   p 

•ft         Vft         ^         v«         v« 

t>*PNQ   M   M 
»*  «  M  el 

+±±>  L 

Q  Q  d  O  O 

Is  M   0\  o   O 

»        •«       aft        *»        a^ 

»»  MOO 

^•^  P    ON 


>0^0        NOH$tototo        tr 


ei  e«i 
e<  d 


to 

to  to  to 


O 
m 

»OM 

•«       a« 

enrs. 


O  P  P 
en  to  en 
M  M  e<l 

•^        ^       •ft 

ts  ^  en 


OPPPP        PPPPP 


I     I     I     I     I I  +  +  +  + 

'o  b"o  o"o 

Is  t>  to  to  to 

O   P  00  00  00 


»4    >i4    pl 

++I 


P  O 


M  rn  en  en 

H    M    M    M 


O  Q  O  O  O 
to  O  to  to  en 
OO  ts  p  ■^♦•e^ 

en  OnOO  Is.  en 


8P  P  P  P  P  P  P 

O  O  O  >n  tototo 

to  to  to  toNO  NO  ^O  NO 

»4N4»4»4»4  »4»i«»4  en  en 


ntotoO  O       Q  v^O  u^O 
>>ONO  O  P        5j.pvO  Ok  en 


en 
M  en  O^  ^  tn 


O  O  O  O  O 
to  to  to  to  to 
M    O    "*  M  00 

00   O^OO  ts  ^ 


+++++    + I  I  I +    ++++ I      I  I  I ++     I  I  +  I  I 
R2  5-.8  8 

to  en  O  t^  to 

•.    «^    •. 9>.    _  ^ 

O^  On  O^OO  00 


O  O  O  O 

en  en  en  en 
to  t/^  to  to' 


i>0       NONONOOP        H^MWe* 


888 

to  en  ts 

00  r^No 
+++ 


P  P  ( 

to  P  to) 
►-  t^O' 

#.       ••      » 

en  Is.  O* 

^«     ^4     »« 

J     I     I 

8  8'8 

M     tS.*«^ 

•ft.      a^       •< 

NO  ene* 


+±±l 

ssJ 


8  8  8Sa    5 §.'8  88    ! 

oooDODMM      nc;}.*^  5S.v5 

M  •.         M  «»  «  •»         •»      ^  *  ^ 


«o 

to  en  M 

■o  M   ■^ 
M  e«  e« 

11     I 


I    I    t 


<f>  o»  O"! 
o  o  di 

+++ 


O  Q  O 
too  t^. 
IS.*-   ts. 

■^  en       d  "♦  *^. 


h 


++    ++    ++++4-    +  I  <  I  I     ++++  I      I  I  I  ++     I  I  +  I  I      111 

8  8  8 

I  I  I 


VONO  8vO 


•P^  loB 


O^  On        9  ^ 

+  +_++_ 

8  8         8  en 

00  00         M  00 


O  O  O  Q  Q 
«♦  N  QCvO  Q 

M  NO     O    to  P 

«.  VK  «V  •.  •. 

^00  00   ts  ts 
P4   »4   »4   ti^   (i* 

+++++ 


88888    <8'8^>88    88888 

to^^O^tots       OOOOt^        Me*«MM 


ts 

NO  Qovo  -^c^ 


c«  el 


+  I  I  I  I    ++++ I     I  I  I ++ 


urn 

•k.    «k    •»    ^    «k 
e«  en-^ene* 

I     l  +  i     I 


P  O" 


P  P  P 
Is. 

to  en  O  ts  to 

«h       A       a.       •.       M 

CS  ^  ^00  00 


SI-IS 

en  O  !*>»  to 


PPPPP 
to  to  to  to  to 
M  P  ^  e*  oo 

00  OvOO  ls.<^ 


P   P  P  P 
en  en  en  en 
to  to  to  to' 


;^8     no>o^po     hSmSS 


i++  ++  +++++  + 1 1 1 1  ++++ 1    1 1 1  ++  1 1  + 1 1 


141 

I  I  I 


i 
i 

s 


*^  <l  V*  M  e« 


tOVO  0^0 


en 


P  "* 

•CVNa^^       e«\OMMen 

M  toO^ 


M  en  ts  to 


ene< 


M  »n       Ti  ^  **         *'i  w^  m^ 

-^P  e«  eoM         ^4^  to^ODOO         QC    v«    <^- 


::i::;i::i::;i:::5 


-j:3::a::^-4    :8::8::^^:^    :^:^^:^:^ 
::i:::»::i::::):::i    ti::):::)::^:::^    --itiii::!^:^ 


DESIGN  OF  SECTIONS. 


aas   2§|3.a   a     | 


"IM 


OS  J 


ijj  3-????  jxxas  ^.j-a-jj  jjtjff 


>0-0        *'«-(?>'l« 


laa 

sssas 

aasaS 

""""" 

::«:; 

5^*5- 

IJiiJ 

3.8,8,8,^ 

6 

IF? 

«§m 

JJI 

w, 

"Jill's 

lllli 

mn 

lip's 

fj|?l 

!!! 

XXXXX      XX 


,XX 


XXX      XXXXX      X 

XXX  XXXXX  X^^^X     XXXXX     xxx^^     ^^xxx 
^-^•^     ■^■^■<]"^'^  ij'^ij'^'^  NNNNN  NNNNM  ■^'^•^■^•n 


XXX 
XXX 


^ 


a|8R    18.°°° 


mM  =§.1 


ITS! 


li^a  =1:111  s°°|°  iiil,"   °°°§§   8J*° 


xjrn  liiii  tittj  ixifs  iiiti 


570  DESIGN  OF  A  STEEL  MILL  BUILDING.  Chap.  XXXVIII. 

stresses  by  the  proper  factor.  The  stress  diagram  for  wind  loads  is  shown  in  Fig.  1. 
The  structure  will  be  designed  assuming  the  columns  as  pin  connected  at  the  base. 
As  actually  built,  the  columns  will  be  fixed  to  a  certain  extent  by  the  anchor  bolts 
provided  at  the  base.  The  maximum  stresses  are  obtained  by  combining  dead  and 
maximum  snow  load  stresses;  dead,  minimum  snow  and  wind  load  stresses;  and  dead 
and  wind  load  stresses,  as  shown  in  Table  I.  Each  member  is  designed  for  the  combina- 
tion giving  the  maximum  stress  of  either  kind  in  the  member. 

6.  Design  of  Purlins  and  Girts. — The  maximum  component  along  the  roof  of  the 
dead  and  snow  loads  is  60(6.4  +  20)  X  0.4463  =  710  lb.  Sag  rods  will  be  provided 
to  carry  the  component  along  the  roof,  §  58  and  §  59,  Specifications.  The  load  from 
any  panel  carried  by  a  sag  rod  will  be  J  X  710  =  355  lb.  The  maximum  stress  in  the 
top  sag  rod  will  be  8  X  355  =  2,840  lb.  Required  net  area  =  2,840  -^  16,000  =  0.18 
sq.  in.  The  area  at  the  root  of  the  thread  in  a  |-in.  rod  is  0.202  sq.  in.,  and  f-in.  sag 
rods  will  be  used  for  all  purlins. 

The  component  of  the  dead,  snow  and  wind  loads  normal  to  the  roof  is 
60  X  (6.4  +  10)  X  0.8944  +  67  X  22.4  =  2,380  lb.;  and  since  sag  rods  are  provided, 
the  purlins  need  be  designed  only  for  the  normal  component,  §  57,  Specifications. 
The  maximum  bending  moment  is 

M  =  2,380  X  16  X  12/8  =  57,100  in.-lb.    I/c  =  M/S  =  57,100  -^  16,000  =  3.57  in.» 

A  6-in.  channel  @  8  lb.  has  a  section  modulus  of  4.30  and  its  depth  satisfies  the  require- 
ment that  the  depth  must  not  be  less  than  ^^^  of  the  span,  §  54,  Specifications,  so 
will  be  used. 

The  maximum  spacing  of  the  girts  will  be  about  5  ft.  0  in.  Girts  must  be  designed 
for  a  normal  component  of  20  lb.  per  sq.  ft.,  so  No.  20  corrugated  steel  must  be  used  for 
the  sides.  The  weight  of  the  siding  and  girts  will  be  carried  by  sag  rods  or  other  sup- 
ports, so  only  the  normal  component  of  the  wind  need  be  considered  in  the  design  of 
the  girts.    The  maximum  bending  moment  is 

M  =  5.0  X  16.0  X  20  X  16  X  12/8  =  38,400  in.-lb. 

The  required  section  modulus  is  38,400  -5-  16,000  =  2.40.  A  5-in.  channel  ®  6.5  lb. 
has  a  section  modulus  of  3.00  and  will  be  used.  A  5-in.  channel  just  satisfies  §  54, 
Specifications.     The  sag  rods  for  the  girts  will  be  made  f  in.  diameter. 

7.  Design  of  Compression  Members. — Top  chord  LoUg.  Maximum  stress  in 
LoUi(l-x)  =  +  41,270  lb.,  length  =  201  in.  (after  erection,  the  unsupported  length 
will  be  about  50  in.,  but  in  order  to  increase  the  rigidity  of  the  section,  particularly 
during  erection,  the  length  will  be  taken  as  the  length  of  LqUa).  Minimum  l/r  »=  125, 
§  41,  Specifications,  so  minimum  r  =  201/125  =  1.61  in.  Try  two  angles  4  in.  X  3  in. 
X  f  in.,  I  in.  back  to  back.  Area  =  4.96  sq.  in.,  l/r  =  201/1.94  =  104.  Allowable 
unit  stress  =  16,000  -  70  X  104  =  8,750  lb.  per  sq.  in.  Actual  unit  stress  =  41,270 
-^  4.96  =  8,330  lb.  per  sq.  in.  The  section  area  furnished  is  in  excess  of  that  required, 
but  a  reduction  is  not  advisable.  This  section  provides  ample  area  to  carry  the  tension. 
Some  of  the  members  of  the  top  chord  are  less  stressed  than  LoUiil-x),  but  the  cost 
of  splices  at  the  intermediate  joints  would  offset  any  economy  that  a  reduction  in  section 
would  affect,  so  the  top  chord  will  be  made  of  the  same  section  throughout. 

The  design  of  the  other  compression  members  is  shown  in  Table  II. 
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8.  Design  of  Tension  Members. — Lower  chord  L^L%.  Maximum  stress  —  —  27,800 
lb.  Length  =  225  in.  LoL*  will  be  made  of  the  same  section  throughout.  There  is 
no  economy  in  reducing  the  section  and  using  splices  at  L\  and  Ls.  Net  area  required 
for  tension  ==  27,800  -^  16,000  =  1.74  sq.  in.  The  maximum  allowable  Z/r  for  tension 
members  in  which  the  stress  is  reversed  is  150,  §  41,  Specifications,  so  the  minimum 
r  =  225/150  =  1.50  in.  Two  angles  3i  in.  X  2\  in.  X  \  in.,  f  in.  back  to  back,  long 
legs  outstanding,  satisfy  the  requirement  and  furnish  a  net  area  of  2.50  sq.  in.  with  one 
hole  deducted,  and  will  be  used.  (This  member  also  satisfies  §  47,  Specifications.) 
A  smaller  angle  will  furnish  sufficient  tension  area  but  will  not  satisfy  the  Z/r  requirement. 
The  allowable  compressive  stress  in  this  member  is  16,000  —  70  X  132  =  6,800  lb. 
per  sq.  in.    The  compressive  stress  is  6,900  -^  2.88  =  2,400  lb.  per  sq.  in. 

The  design  of  the  other  tension  members  is  shown  in  Table  II. 
There  is  no  stress  in  the  sag  tie,  so  a  minimum  section  will  be  used.    The  sag  tie  will 
be  made  of  one  angle  2  in.  X  2  in.  X  \  in. 

9.  Joints. — The  joints  are  designed  in  the  same  manner  as  in  Chapter  XXXVI  and 
the  rivets  are  given  in  Table  II. 

10.  Design  of  Columns. — The  leeward  column  carries  a  direct  stress  of  19,700  lb. 
and  a  bending  moment  of  6,525  X  16  X  12  =  1,253,000  in.-lb.  A  truss  about  six 
feet  deep  will  extend  from  column  to  column  throughout  the  length  of  the  building, 
and  will  afford  considerable  lateral  support.  However,  to  insure  a  rigid  column,  a 
length  of  24  ft.  0  in.  will  be  used.  Maximum  Ijr  =  150,  so  minimum  r^  =  24  X  12 
-^  150  =  1.92  in.  (Fig.  1).  Try  one  plate  18  in.  X  |  in.  and  4  angles  5  in.  X  3i  in.  X  f 
in.,  18j  in.  back  to  back.  Area  =  18.95  sq.  in.  Ia  =  1,054.3  in.*,  r^  =  7.46  in.*. 
Ib  =  70.58  in.*,  r^  =  1.93  in. 

The  maximum  fiber  stress  will  be 

19,700  1,253,000  X  9.25 


18.95        inrc>.  o       19»700  X  2882 

i,Uo4.o  — 

10  X  30,000,000 
=  1,040  +  11,050  =  12,090  lb.  per  sq.  in. 

Allowable  unit  stress,  §  44,  Specifications,  will  be  1.50(16,000  -  70  X  288/7.46)  =  20,000 
lb.  per  sq.  in. 

Ample  area  is  provided  by  the  above  section  and  no  reduction  is  advisable,  since 
a  rigid  column  is  desired. 

The  required  area  of  the  base  plate  must  be  at  least  16,700  -r-  6(X)  =  28  sq.  in., 
where  600  =  allowable  bearing  pressure  on  concrete  foundations,  §  40,  Specifications. 
For  proper  details,  a  plate  16  in.  X  |  in.  X  28  in.  is  used,  so  ample  area  is  provided. 

Although  pin-connected  ends  were  assumed  in  this  design,  anchor  bolts  will  be 
provided  to  fix  the  bases.  Assuming  that  the  anchor  bolts  fix  the  lower  end  of  the 
column,  the  horizontal  reaction  will  be  5,250  lb.  acting  at  the  point  of  contraflexure, 
which  is  assumed  to  be  8  ft.  above  the  base.  The  maximum  tendency  to  overturn  the 
column  will  occur  under  dead  load  and  maximum  wind  load.  Under  these  conditions, 
the  direct  stress  in  the  windward  column  will  be  10,200  lb.  Taking  moments  about 
the  leeward  anchor  bolt,  see  Fig.  4,  Chapter  IX, 

T  X  24.25  +  10,200  X  12.13  -  5,250  X  8  X  12  =  0 

T  =  16,700  lb. 
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where  T  —  tension  in  windward  anchor  bolt.  Using  an  allowable  unit  stress  of  20,000 
lb.  per  sq.  in.,  the  area  of  the  anchor  bolt  will  be  0.79  sq.  in.  Allowing  for  threads, 
1^  in.  diam.  anchor  bolts  furnish  0.89  sq.  in.,  and  will  be  used. 

With  fixed  ends,  the  maximum  pressure  on  the  masonry  will  occur  on  the  leeward 
edge  of  the  base  plate  and  will  be 

10,200        5,250  X  8  X  12  X  14 

16  X  28  "*"  16  X  28V12 

=  23  +  242  =  265  lb.  per  sq.  in. 

The  allowable  pressure  is  600  lb.  per  sq.  in. 

11.  Lateral  Bracing. — The  bents  will  be  braced  in  units  of  two  as  shown  in  Fig.  4. 
The  stresses  in  the  lateral  bracing  are  very  small  and  the  sections  will  be  determined 
by  the  specifications  for  allowable  ratio  of  I  to  r.  It  will  be  assumed  that  the  member 
which  will  carry  the  stress  in  tension  is  acting.  The  section  will  be  chosen  to  comply 
with  the  requirement  that  Z/r  must  not  exceed  250,  §  42,  Specifications.  The  diagonal 
bracing  will  be  fastened  in  the  middle,  so  the  minimum  radius  of  gyration  in  the  plane 
of  the  upper  chord  will  be  r  =  139  -s-  250  =  0.56  in.  One  angle  3  in.  X  3  in.  X  J  in. 
has  a  radius  of  gyration  of  0.59  in.  and  will  be  used  for  the  upper  chord  bracing. 

The  lower  chord  diagonal  bracing  LoLj  will  be  fastened  in  the  middle,  so  minimum 
r  =  148  -T-  250  =  0.59  in.,  §  42,  Specifications.  One  angle  3  in.  X  3  in.  X  }  in.  just 
satisfies  the  requirements,  and  will  be  used. 

The  diagonal  bracing  LiLz  will  be  fastened  at  the  middle,  so  minimum  r  =  166 
4-  250  =  0.67  in.  One  angle  3|  in.  X  3j  in.  X  \  in.  has  a  value  of  r  =  0.69  in.,  and 
will  be  used. 

The  strut  L%L\  will  be  designed  as  a  compression  member,  so  minimum  r  =  16 
X  12  -s-  150  =  1.28  in.  Two  angles  4  in.  X  3  in.  X  \  in.,  long  legs  vertical,  and  |  in. 
back  to  back,  just  satisfies  the  requirement  and  will  be  used. 

An  eave  strut  will  be  placed  along  the  line  of  the  tops  of  the  columns.  The  eave 
strut  furnishes  longitudinal  rigidity  and  also  provides  a  means  of  fastening  the  corru- 
gated roofing  along  the  eave  of  the  roof.  The  section  will  be  chosen  to  comply  with  the 
specification  that  Z/r  must  not  exceed  150,  so  minimum  r  =  16  X  12  4-  150  —  1.28  in. 
A  section  composed  of  a  10-in.  channel  @  15  lb.  and  one  angle  4  in.  X  3  in.  X  -^  in. 
as  shown  in  the  details.  Fig.  4,  just  satisfies  this  requirement,  so  will  be  used.  A  nailing 
strip  to  which  the  roofing  and  siding  may  be  fastened  is  bolted  to  the  angle.  To  avoid 
the  use  of  rods  or  other  bracing  in  the  plane  of  the  sides  and  ends  which  would  prevent 
free  use  of  the  ventilators  in  the  windows,  a  light  truss  as  shown  in  Fig.  4  will  be  used 
to  secure  the  desired  rigidity. 

The  stresses  in  the  side  trusses  due  to  wind  on  the  end  of  the  building  are  calculated 
in  Fig.  2.  The  bracing  was  designed  for  a  horizontal  wind  load  of  20  lb.  per  sq.  ft. 
acting  on  the  end  of  the  building.  The  bracing  will  have  to  be  designed  so  that  it  will 
take  the  wind  load  on  either  end  of  the  building.  The  wind  load  applied  at  the  top 
of  the  columns  will  be  P  =  i(60  X  24  X  20/2)  +  i(60  X  15  X  20/2)  =  11,700  lb. 
A  value  of  P  =  12,000  lb.  will  be  used  in  the  calculations.  It  will  be  assumed  Ihat 
each  portal  bent  carries  one-fifth  of  the  total  load  or  2,400  lb.  The  top  strut  will  also 
transmit  the  direct  stress  as  shown  in  Fig.  2.  The  stresses  were  calculated  by  using 
the  method  shown  in  Problem  7,  Chapter  XXII.     The  shears  in  the  interior  columns 
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will  be  equal  to  twice  the  shears  in  the  end  columns,  and  the  bending  moments  in  the 
interior  columns  will  also  be  equal  to  twice  the  bending  moments  in  the  end  columns. 
The  windward  bent,  No.  5,  will  have  maximum  stresses  and  it  will  be  investigated. 
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Fig.  2. 


The  length  of  the  diagonal  will  be  about  90  in.  The  required  value  of  the  radius 
of  gyration  will  be  r  =  90/250  =  0.36  in.  One  angle  2  in.  X  2  in.  X  \  in.  has  a  mini- 
mum radius  of  gyration,  r  =  0.39  in.  and  will  be  used  if  the  area  is  sufficient.  The 
required  net  area  =  4,800/16,000  =  0.30  sq.  in.  The  net  area  of  a  2  in.  X  2  in.  X  \  in, 
angle  with  one  f-in.  rivet,  f-in.  hole  deducted,  when  reduced  by  §  46,  is  0.56  sq.  in.,  so 
the  angle  is  sufficient.  The  vertical  members  are  about  58  in.  center  to  center  of 
connections,  the  required  radius  of  gyration  will  be  r  =  58/150  =  0.39  in.  The  least 
radius  of  gyration  of  a  2  in.  X  2  in.  X  \  in.  angle  is  0.39  in.  The  allowable  unit  stress 
in  compression  will  be  p  =  16,000  —  70  X  58/0.39  =  5,500  lb.  per  sq.  in.  The  required 
area  will  be  3,600/5,500  =  0.65  sq.  in.  The  area  of  a  2  in.  X  2  in.  X  i  in.  angle  is 
0.94  sq.  in.,  so  the  angle  is  sufficient. 

The  lower  chord  has  an  effective  length  of  16  X  12  =  192  in.,  so  the  minimum 
allowable  radius  of  gyration  will  be  r  =  192/150  =  1.28  in.  Two  angles  3  in.  X  2-J  in. 
X  i  in.  with  the  long  leg  turned  out  will  have  a  value  of  r  =  1.45  in.  The  member  has 
ample  area  to  carry  the  stress. 
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The  upper  chord  will  be  made  of  one  10-in.  channel  @  15  lb.  and  one  angle 
4  in.  X  3  in.  X  ^  in.  The  radius  of  gyration  about  a  vertical  axis  (Table  66,  "Struc- 
tural Engineers'  Handbook")  is  1.28  in.  The  required  radius  of  gyration  will  be 
r  =  192/150  =  1.28  in.     The  area  of  the  section  is  entirely  adequate. 

The  stresses  in  the  portal  bracing  were  calculated  on  the  assumption  that  the 
columns  were  pin-connected  at  the  base.  With  the  brick  wall  built  between  the  columns 
it  will  be  reasonable  to  assume  in  calculating  the  stresses  in  the  columns  that  the  columns 
are  fixed  at  the  base.  The  maximum  bending  moment  will  come  at  the  lower  edge 
of  the  lower  chord  of  the  trusses,  and  will  be 

M  =  2,400  X  9  X  12  =  259,200  in.-lb. 
The  bending  stress  will  be 

/  =  M'c/I  =  259,200  X  5.19/70.5^  =  19,000  lb.  per  sq.  in. 

which  is  less  than  the  allowable  stress  as  given  in  §  44,  Specifications. 

A  similar  truss  will  be  used  in  the  ends  of  the  building.  The  depth  will  be  4  ft. 
3  in.  and  two  6-ft.  panels  will  be  used  between  columns.  The  diagonals  have  a  length  of 
about  90  in.,  so  minimum  r  =  90/250  =  0.36  in.  One  angle  2  in.  X  2  in.  X  i  in.  will  be 
used.  The  vertical  member  will  be  composed  of  one  angle  2  in.  X  2  in.  X  i  in.  The 
top  and  bottom  chords  each  have  an  effective  length  of  12  X  12  =  144  in.,  so  minimum 
r  =  144/150  =  0.96  in.  Two  angles  2  in.  X  2  in.  X  }  in.,  f  in.  back  to  back,  have  an 
r  of  0.99  in.  and  will  be  used.  This  truss  carries  the  wind  on  one-half  of  each  end  panel, 
only,  which  will  give  only  nominal  stresses, 

12.  End  Walls. — The  type  of  end  wall  used  depends  somewhat  upon  plans  for 
future  additions  to  the  building.  If  it  is  expected  that  additions  will  be  made  at 
either  end  of  the  building,  a  bent  similar  to  the  interior  bent  should  be  used  at  the  ends 
and  the  building  should  be  closed  by  a  temporary  wall.  If  no  future  addition  is  con- 
templated, the  end  may  be  closed  by  means  of  a  wall  supported  by  columns  and  the 
roof  carried  by  a  channel  rafter.  The  latter  case  will  be  assumed  in  this  design.  Th^ 
columns  will  be  spaced  12  ft.  0  in.  centers  and  assumed  as  supported  in  the  plane  of  the 
lower  chord,  so  their  length  may  be  taken  as  24  ft.  0  in.  and  the  uniform  load  =  20  lb. 
per  sq.ft.  The  maximum  bending  moment  is  i  X  12  X  24  X  20  X  24  X  12  =  207,360 
in.-lb.  Using  a  working  stress  of  16,000  lb.  per  sq.  in.,  the  required  section  modulus  is 
12.95  in.'  An  8-in.  I  @  18  lb.  has  a  section  modulus  of  14.2  in.'  and  will  be  used.  The 
girts  will  give  considerable  lateral  support,  so  the  value  of  l/r  is  not  excessively  large. 
The  truss  designed  for  the  ends  of  the  building  will  take  the  lower  chord  bracing  in  the 
end  bays  and  also  afford  considerable  support  to  the  columns. 

An  angle  section  will  be  used  for  the  corner  columns.  The  maximum  bending 
moment  is  i  X  24  X  6  X  20  X  24  X  12  =  103,680  in.-lb.,  and  the  required  section 
modulus  is  6.48  in.'  An  8-in.  X  8-in.  X  ^-in.  angle  has  a  section  modulus  of  8.37  in.', 
so  will  be  used.  The  lateral  supports  from  the  girts  and  lattice  trusses  in  the  walls 
will  give  sufficient  lateral  support  to  prevent  sidewise  bending. 

The  rafter  which  carries  the  purlins  is  supported  by  the  I-beam  columns  and  the 
points  of  support  are  12  X  sec  26°  34'  =  13.4  ft.  apart.  The  component  of  the  load  nor- 
mal iBo  the  roof  is  35.5  lb.  per  sq.  ft.,  so  the  load  carried  by  one  rafter  is  8  X  13.4  X  35.5 
=  3,800  lb.  and  the  bending  moment  will  be  3,800  X  13.4  X  12/8  =  76,500  in.-lb., 
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and  the  required  section  modulus  is  4.78  in.'    A  7-in.  channel  @  9.75  lb.  has  a  section 
modulus  of  6  in.',  so  will  be  used. 

13.  Side  Walls. — The  details  of  the  side  walls  are  shown  in  Fig.  4.  The  brick  walls 
will  be  made  of  paving  brick  laid  in  cement  mortar,  and  will  be  laid  on  a  concrete 
footing.  The  bottom  of  the  footing  will  be  below  frost  line  or  not  less  than  3  ft. 
below  grade. 

14.  Roofing. — Anti-condensation  lining  is  used  and  is  constructed  as  specified  in 
§  63,  Specifications.     The  details  of  the  roofing  are  shown  in  Fig.  4. 

15.  Windows. — Fenestra  steel  sash,  or  the  equivalent,  are  used.  From  §  72, 
Specifications,  the  top  of  the  windows  shall  be  not  less  than  15  ft.  above  the  floor, 
and  the  sills  of  the  windows  shall  not  be  higher  than  4  ft.  above  the  floor.  The  windows 
shall  have  an  area  not  less  than  20  per  cent  of  the  floor  area,  nor  an  area  less  than  20 
per  cent,  of  the  total  exterior  surface.  The  windows  in  this  building  are  more  than 
50  per  cent,  of  the  floor  area,  and  21  per  cent  of  the  entire  exterior  surface. 

16.  Ventilators. — The  building  will  be  ventilated  through  the  windows.  The 
ventilators  in  the  windows  in  the  gable  ends  will  make  the  use  of  circular  ventilators  on 
the  roof  unnecessary. 

17.  Doors. — Fenestra  tubular  steel  doors,  or  the  equivalent,  will  be  used.  For 
details  of  steel  doors,  see  Fig.  6,  and  Fig.  6,  Chapter  XXXIV. 

18.  General  Drawings. — Detail  drawings  of  the  transverse  bent  are  shown  in  Fig. 
3;  and  general  plans  of  the  building  are  shown  in  Fig.  4. 


CHAPTER  XXXIX. 
Erection  of  Steel  Mill  Buildings. 

METHODS  OF  ERECTION.— The  method  used  in  erecting  a  steel  structure  will 
depend  upon  the  type  of  structure,  the  size  of  the  structure,  the  risk  to  be  taken,  as  in 
bridge  erection,  whether  the  structure  is  to  be  erected  without  interfering  with  traffic, 
as  in  erecting  a  railroad  bridge  to  replace  an  existing  structure,  or  in  erecting  a  building 
over  furnaces  or  working  machinery,  the  available  tools,  and  local  conditions.  The 
tendency  of  modern  structural  steel  erection  practice  is,  as  far  as  possible,  to  use  derrick 
cars  for  erecting  railway  bridges  and  locomotive  cranes  for  erecting  mill  buildings  and 
other  structures. 

Roof  Trusses,  Mill  and  Office  Buildings. — Where  there  is  sufficient  room,  roof 
trusses  up  to  150  ft.  span  may  be  riveted  or  bolted  up  on  the  ground  and  may  then  be 
raised  into  position  by  means  of  one  or  two  gin  poles.  Two  gin  poles  should  be  used 
for  long  trusses.  Care  should  be  used  not  to  cripple  the  -lower  chord.  With  light 
trusses,  the  lower  chord  members  should  be  stiffened  by  means  of  timbers  or  other  stiff 
members  temporarily  bolted  or  lashed  to  the  member.  Columns  and  beams  in  office 
buildings  may  be  erected  with  stiff-leg  or  guy  derricks,  or  "A"  derricks  may  be  used 
for  loads  up  to  5  tons.  The  bents  of  steel  mill  buildings  may  be  erected  in  the  same 
manner.  Roof  arches  and  train  sheds  are  sometimes  erected  by  means  of  falsework, 
which  is  moved  as  the  erection  proceeds.  Boom-tower  derricks  running  on  tracks  are 
found  very  convenient.  Locomotive  cranes  are  now  used  for  erecting  mill  buildings 
and  similar  structures  where  tracks  are  available. 

Elevated  Towers  and  Tanks. — The  towers  for  high  tanks  are  commonly  erected  by 
means  of  a  gin  pole.  A  gin  pole  long  enough  to  erect  the  entire  tower  may  be  used,  or 
short  gin  poles  may  be  lashed  to  the  part  of  the  tower  already  erected;  the  gin  poles 
being  moved  up  as  the  erection  proceeds.  Steel  tanks  are  commonly  erected  from  a 
movable  platform  suspended  inside  the  tank.  A  movable  swinging  platform  for  the 
riveters  is  also  swung  outside  of  the  tank. 

For  a  more  complete  discussion  of  methods  for  the  erection  of  steel  structures,  see 
the  author's  "Structural  Engineers'  Handbook.'' 

Erection  Plans  for  Steel  Mill  Buildings. — The  method  of  making  erection  plans 
for  steel  frame  mill  buildings  shown  in  Fig.  1  has  been  found  to  be  very  satisfactory. 

Where  framework  is  symmetrical  about  a  center  line,  as  trusses  and  end  bents, 
the  members  that  are  reversed  should  be  marked  R  (right)  and  L  (left).  The  right 
hand  side  of  the  end  bent  is  determined  by  looking  outward.  Mark  trusses  Ti,  Tj,  Tt, 
etc.  Mark  posts  Ci,  Cj,  Cj,  etc.  Mark  purlins  Pi,  Pj,  Ps,  etc.  Mark  struts  Su  St,  Sz, 
etc.  Mark  girts  Fi,  Pj,  Ps,  etc.  Mark  bracing  Di,  A,  Dj,  etc.  The  scheme  can  be 
modified  to  suit  special  conditions. 

A  foundation  plan  showing  the  piers  and  location  of  the  anchor  bolts  should  be 
prepared  in  addition  to  the  erection  plan  in  Fig.  1. 
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Fig.  1.    Erection  Plan  of  a  Steel  Mill  Building. 
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Erection  plans  for  corrugated  steel  covering  on  a  steel  mill  building  are  shown  in 
Fig.  7  and  Fig.  8,  Chapter  XXVI. 

Erection  plans  for  a  steel  roof  truss  are  shown  in  Fig.  2,  Chapter  XXXVI. 

For  erection  plans  for  steel  office  buildings,  steel  bridges  and  other  steel  structures, 
see  the  author's  "Structural  Engineers'  Handbook." 

DERRICKS  AND  TRAVELERS.— The  common  forms  of  appliances  used  in 
erecting  steel  mill  buildings  will  be  briefly  described. 

Gin  Pole. — A  gin  pole,  Fig.  2,  is  a  timber  or  steel  mast  with  four  guys  and  a  block 
at  the  top  through  which  the  hoist  line  leads  to  a  crab  bolted  near  the  bottom,  or  the 
hoist  line  may  run  to  the  hoisting  engine.  The  foot  of  a  gin  pole  is  supported  by  timbers 
which  are  shifted  with  bars  or  on  rollers.  The  gin  pole  should  not  be  inclined  more 
than  a  few  degrees  from  the  vertical,  and  care  must  be  used  to  prevent  the  bottom  from 
kicking  out  with  heavy  loads.  Gin  poles  may  be  made  of  timber,  gas  pipe,  or  may  be 
built  structural  steel  masts.  Gin  poles  are  not  commonly  made  longer  than  40  to  60  ft., 
but  a  trussed  gin  pole  120  ft.  long  hns  been  used  for  erecting  elevated  towers.  The  mast 
of  a  gin  pole  may  be  built  up  so  that  only  two  guys  are  necessary,  resulting  in  ''shear 
legs"  as  in  Fig.  2. 

Each  guy  is  fastened  at  its  lower  end  to  a  "deadman"  (a  timber,  or  log,  or  beam 
buried  in  the  ground). 

Guy  Derricks. — A  guy  derrick.  Fig.  2  and  Fig.  3,  has  a  vertical  mast  guyed  with 
three  or  more  guy  lines,  and  has  a  boom  which  carries  blocks  and  a  fall  line  on  the  upper 
end.  The  boom  is  raised  and  lowered  with  rigging  called  "topping  lines"  or  "boom 
lines."  The  load  is  raised  by  rigging  called  "fall  lines"  or  "falls."  The  hoisting  line 
may  be  run  down  the  boom  to  a  crab  or  to  the  hoisting  engine,  or  the  hoisting  line  may 
be  run  through  a  "rooster"  placed  on  top  of  the  mast  and  then  to  the  hoisting  engine. 
Guy  derricks  may  be  swung  in  a  full  circle,  either  by  hand  or  by  means  of  a  bull  wheel 
operated  by  a  line  from  the  hoisting  engine. 

"A"  Derrick.— The  "A"  derrick  or  "Jinniwink"  derrick  is  shown  in  Fig.  2.  "A" 
derricks  are  used  for  light  hoisting  up  to  three  to  five  tons.  The  "A"  derrick  is  a 
simple  form  of  the  stiff-leg  derrick. 

Stiff-Leg  Derrick. — The  stiff-leg  derrick  has  a  mast  braced  by  "A"  frames  set  at 
right  angles  to  each  other,  Fig.  2  and  Fig.  3.  The  loads  may  be  lifted  and  the  boom 
raised  and  lowered  by  means  of  a  crab  or  by  a  hoisting  engine.  The  stiff-leg  derrick 
has  a  free  swing  of  about  240  degrees.  The  mast  may  be  turned  by  hand  or  by  means 
of  a  bull  wheel  operated  by  a  line  from  the  hoisting  engine.  Details  of  a  12-ton  timber 
stiff-leg  derrick  are  shown  in  the  author's  "Structural  Engineers'  Handbook."  Stiff- 
leg  derricks  of  large  capacity  are  now  commonly  made  of  structural  steel.  Details  of 
a  steel  stiff-leg  derrick  are  given  in  Fig.  5. 

Boom  Travelers. — The  mast  of  a  derrick  may  be  supported  by  the  framework  of  a 
traveler.  Fig.  2.  The  traveler  may  be  made  one  or  several  stories  in  height.  The 
booms  may  swing  or  may  be  fixed  to  raise  and  lower  in  one  plane,  and  may  be  used 
single  or  in  pairs.  Boom  travelers  are  commonly  used  in  erecting  train  sheds,  and 
structural  steel  buildings.     Details  of  a  steel  boom  traveler  are  given  in  Fig.  4  and  Fig.  5. 

Traveler  for  Erection  of  Armory.* — The  new  armory  for  the  University  of  Illinois 

*  Engineering  News,  Dec.  11,  1913.  The  structural  steel  was  fabricated  and  erected  and 
the  traveler  was  designed  by  the  Morava  Construction  Co.,  Chicag6,  Illinois. 
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is  276  ft.  by  420  ft.  in  p)aQ,  the  main  drill  hnll  being  covered  hy  three-hinged  arches  with 
a  span  206  ft.  centerB  of  end  pins,  a.  center  height  of  94  ft.  3  in.,  and  are  spaced  26  ft. 
6  in.  The  arches  have  a  horizontal  tie  of  two  4  in.  X  { in.  bars,  and  are  braced  together 
in  pairs. 

Each  arch  was  shipped  in  eight  segments,  and  the  four  sections  for  each  half  of 


^F^lLiaes     -Gi^Un*    iFal! Lines  ,-6wyUne 


Tdeom  Line* 


Elevation  Sect/or  B-B 

'A'  Derrick,  3  Tons 
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-  iO'O'-  -  '-  -  iO'O'-^ 

tlevstioii     S*eiidoA-A 

Bom  Traveler  with  Fixed  Masts 

12  Tons 


F|G.  2.     Derricks  and  Travelers. 
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the  arch  were  assembled  and  riveted  up  in  horizontal  position  on  the  ground  close  to 
their  final  positions.  One  side  of  the  arch  was  then  lifted  into  a  vertical  plane  by  a  two- 
boom  traveler,  and  ita  lower  end  waa  fitted  into  the  shoe  and  the  shoe  pin  driven.    The 


(Say  Lmes, 


Boom  l/nes}   -Rooster 
•  Topping  Lines 


'BuJimeel 
Guy  DsfifiiCK  with  Bull  W^eel 


STIFF  LE6  UEimiCK  WITH  BULL  WHEEL 


Fia.  3.     Details  of  Derricks. 


truaa  was  then  lowered  on  this  pin  until  its  head  rested  on  the  ground,  the  arch  segment 
being  supported  by  guya  at  the  sides.  The  opposite  segment  of  the  arch  was  then 
raised  and  adjusted  in  the  same  way.  The  traveler  was  then  placed  at  the  center  of 
the  arch,  and  the  hoisting  lines  of  the  two  booms  were  attached  near  the  ends  of  the  two 
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FroTrV    Bwvo+ton  Side     EJevorHon 

Fig.  4.    Traveleb  cbed  in  Ebection  or  Abhobt,  UNivsBsiTr  of  Ilukois. 

Triple  5lock- 


4  S^bsher  unckr  lower 
goo3e  neck; 


■f'-Chain 
13'Sheave 
IhrShaft 


Fia.  5.    Stiff-Leo  Debbick  tjsbd  on  Erection  Tbateleb  fob  Ersction  of  Arhort, 
Univbhbitt  of  Illinois.     (Two  of  these  derricks  were  used  on  front  of  traveler.) 
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half-arches,  which  were  then  raised,  the  lower  ends  rotating  on  the  shoe  pins.  The 
arch  was  then  held  while  the  center  pin  was  driven  and  the  purlins  were  placed  con- 
necting it  to  the  adjacent  arch. 

The  traveler,  Fig.  4,  consisted  of  a  steel  tower  about  40  ft.  square  and  33  ft.  high 
to  the  working  deck.  On  this  deck  were  two  40-ft.  masts  with  A-frames,  each  carrying 
a  90-ft.  boom,  so  that  the  top  of  the  boom  could  reach  about  20  ft.  above  the  top  of  the 
arches,  the  maximum  height  from  the  ground  to  the  hoisting  block  being  125  ft. 

The  traveler  was  supported  on  wood  rollers  on  tracks  of  16  X  16  in.  timbers  about 
40  ft.  apart.  The  upper  part  of  the  traveler  was  composed  of  two  stiff-leg  derricks  of 
the  type  shown  in  Fig.  5,  with  one  stiff-leg  and  one  sill  removed  from  each,  the  masts 
being  stepped  on  tne  traveler  frame  and  connected  by  bracing  as  shown.  Each  derrick 
had  a  lifting  capacity  of  15  tons,  and  was  operated  by  an  eogine  of  8  H.  P.,  the  two 
engines  being  placed  on  a  platform  on  the  lower  sills  of  the  traveler  about  2  ft.  from  the 
ground. 

ERECTION  TOOLS. — Tools  used  in  the  erection  of  steel  structures  are  described 
in  detail  in  the  author's  ''Structural  Engineers'  Handbook."  For  the  list  of  the  tools 
actually  used  in  erecting  a  steel  mill  building,  see  the  ''Structural  Engineers'  Handbook.'' 

RIVETING. — Field  rivets  may  be  driven  by  hand  or  with  pneumatic  riveters. 
Before  driving  the  rivets  the  parts  to  be  riveted  must  be  drawn  up  by  means  of  erection 
bolts  so  that  the  holes  are  fully  matched  and  the  surfaces  of  the  metal  are  so  close  to- 
gether that  the  metal  from  the  rivet  will  not  flow  out  between  the  plates.  The  holes 
are  brought  in  line  and  matched  by  the  use  of  drift  pins;  care  should  be  used  not  to 
injure  the  metal  with  the  drift  pin.  If  the  holes  will  not  match  they  should  be  reamed. 
A  gang  for  hand  riveting  consists  of  four  men,  (1)  a  rivet  heater,  (2)  a  bucker-up,  (3) 
a  rivet  driver,  and  (4)  a  man  to  catch  and  enter  the  rivets,  to  assist  in  driving  and  to 
hold  the  rivet  set  (snap).  The  hot  rivet  is  thrown  by  the  rivet  heater  with  rivet- 
pitching  tongs;  the  rivet  is  caught  in  a  bucket  or  keg  and  is  put  into  the  rivet  hole  with 
the  rivet-sticking  tongs.  The  rivet  is  then  bucked-up  with  a  dolly,  and  is  upset  with  a 
rivet  hammer.  After  the  rivet  is  upset  to  fill  the  hole  a  rivet  set  (snap),  is  held  over  the 
upset  rivet  and  a  few  blows  with  the  riveting  hammer  completes  the  work.  Field  rivets 
are  ordered  with  enough  stock  to  furnish  metal  to  fill  the  hole  and  to  form  a  perfect 
rivet  head.  If  the  rivet  is  too  short,  either  the  hole  will  not  be  filled  or  the  rivet  head 
will  be  imperfect.  If  the  rivet  is  too  long  the  rivet  set  (snap)  will  force  the  metal  out 
under  the  edge  of  the  rivet  set  (snap)  making  a  bad  looking  job.  The  rivet  should  be 
heated  uniformly  so  that  it  will  be  upset  for  its  entire  length.  Riveters  prefer  to  use 
rivets  with  scant  stock  so  that  the  rivet  can  be  upset  and  a  perfect  head  formed  with 
little  labor.  To  drive  a  rivet  properly  the  rivet  should  be  upset  by  striking  it  squarely 
on  the  end,  as  side  blows  will  upset  the  rivet  without  filling  the  hole. 

Where  compressed  air  is  available  a  pneumatic  field  riveter  is  used  for  driving  rivets. 
Pneumatic  field  riveters  are  of  two  types:  (a)  jaw  riveters  that  buck-up  the  rivet  and 
form  the  head  as  in  shop  riveters;  and  (b)  a  pneumatic  gun  that  is  held  against  the 
rivet  by  the  riveter,  the  rivet  being  bucked-up  with  a  dolly  as  in  hand  riveting  or  with 
a  pneumatic  dolly.  The  pneumatic  gun  is  more  convenient  and  is  commonly  used. 
A  rivet  snap  is  used  in  the  flir  gun.  Good  rivets  can  be  driven  by  hand,  but  the  work 
of  the  pneumatic  riveter  is  more  uniform  and  most  specifications  for  erection  of  structural 
steel  call  for  its  use.     Several  railroad  bridge  specifications  now  require  that  hand- 
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driven  field  rivets  be  calculated  for  only  four-fifths  of  the  allowable  stresses  on  machine- 
driven  field  rivets.  While  more  rivets  can  be  driven  with  an  air  gun  than  by  hand, 
the  added  expense  for  air  makes  the  cost  of  driving  nearly  the  same  as  for  hand-driven 
rivets. 

For  additional  data  on  rivets  and  riveting,  see  the  author's  "Structural  Engineers' 
Handbook." 

References. — For  a  detailed  description  of  erection  tools  and  methods  of  erec- 
tion of  steel  structures,  see  the  author's  ''Structural  Engineers'  Handbook."  For  the 
erection  of  steel  and  concrete  bridges,  see  the  author's  "Design  of  Highway  Bridges 
of  Steel,  Timber  and  Concrete." 


CHAPTER  XL. 
Estimate  of  Weight  and  Cost  of  Steel  Mill  Buildings. 

ESTIMATE  OF  WEIGHT. — The  contract  drawings  for  mill  buildings  are  usually 
general  drawings  about  like  those  in  Fig.  5  and  Fig.  6,  Chapter  XXVI,  in  which  the 
main  members  and  the  outline  of  the  building  are  shown,  together  with  enough  sketch 
details  to  enable  the  detailer  to  properly  detail  the  work.  In  making  an  estimate  of 
weight  from  general  drawings  it  is  necessary  that  the  estimater  be  familiar  with  the 
style  of  the  details  in  use  at  the  shop,  and  with  the  per  cent  of  the  main  members  that 
it  is  necessary  to  add,  to  provide  for  details  and  get  the  total  shipping  weight  of  the 
structure.  There  are  two  methods  of  allowing  for  details:  (1)  to  add  the  proper  per 
cent  for  details  to  the  weight  of  each  main  member  in  the  structure,  and  (2)  to  add  a 
per  cent  for  details  to  the  total  weight  of  the  main  members  in  the  structure.  The 
first  method  is  the  safest  one  to  follow,  although  the  second  gives  good  results  when 
used  by  an  experienced  man.  The  best  way  to  obtain  data  on  the  per  cents  of  details 
of  different  members  in  buildings  and  other  structures  is  to  make  detailed  estimates 
from  the  shop  drawings.  By  checking  these  data  with  the  actual  shipping  weights, 
the  engineer  will  soon  have  information  that  will  be  invaluable  to  him.  Second-hand 
data  on  estimating  are  of  comparatively  little  value,  for  the  reason  that  the  conditions 
under  which  they  hold  good  are  rarely  noted,  and  it  is  better  that  the  novice  work  out 
his  own  data  and  depend  on  his  own  resources,  at  least  until  he  has  developed  his 
estimating  sense.    In  short  the  only  way  to  learn  to  estimate,  is  to  estimate. 

ESTIMATES  OF  WEIGHT  OF  STEEL  MILL  BUILDINGS.— There  are  three 
methods  of  estimating  the  weight  of  a  steel  structure.  (1)  Estimate  from  finished 
shop  drawings;  (2)  estimate  from  detail  drawings;  (3)  estimate  from  stress  sheet. 

(1)  Estimate  from  Shop  Drawings. — The  method  of  making  estimates  of  steel 
structures  from  the  shop  drawings  will  be  illustrated  by  making  the  estimate  of  the 
steel  roof  truss  designed  in  Chapter  XXXVI.  The  details  of  the  estimate  are  shown 
in  Table  I.  The  ''main  members"  are  those  that  are  given  on  the  stress  sheet  and  are 
either  members  in  which  stresses  occur  or  which  are  specified  by  the  designing  engineer; 
while  the  "details"  are  plates,  angles,  rivets,  etc.,  which  are  necessary  to  develop  the 
strength  of  the  main  members.  The  values  given  in  column  10  are  the  weights  of 
** details"  in  per  cent  of  weights  of  "main  members."  The  weights  per  foot  given  in 
column  7  were  obtained  from  Ketchum's  "Structural  Engineers'  Handbook."  (May 
also  be  obtained  from  Carnegie  or  Cambria.)  The  weight  for  rivet  heads  should  be  the 
mean  of  the  weight  of  rivet  heads  as  made  on  the  rivet  and  as  driven  in  work.  The 
actual  shipping  weight  is  desired,  and  the  weights  of  rivet  heads,  only,  are  calculated, 
it  being  assumed  that  the  remainder  of  the  rivets  fill  the  holes  punched  in  the  members. 
The  total  weights  of  the  different  parts  of  the  roof  truss  and  the  percentage  of  details 
are  shown  in  Table  I.  The  total  weight  of  details  in  per  cent  of  main  members  is  35.5 
per  cent.  The  rivet  heads  are  equal  to  about  4  per  cent  of  the  weight  of  the  main 
members. 
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TABLE  I. 

Estimate  of  weight 
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(2)  Estimate  from  Detail  Drawings. — -Detail  drawings  show  the  main  members 
partially  detailed.  The  drawings  give  the  number  and  approximate  siies  of  plates,  the 
sizes  of  lacing  bars,  rivets.,  etc,  and  the  approximate  rivet  spacing.  In  making  aa 
estimate  from  detail  drawings  the  main  members  are  taken  from  the  dravinip,  while 
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part  of  the  details  are  supplied  by  the  estimater.  In  order  that  the  estimate  be  accurate 
the  estimater  must  be  familiar  with  the  shop  standards  of  the  company  that  will  fabricate 
the  structure. 

(3)  Estimate  from  the  Stress  Sheet — In  this  method  the  weights  of  the  main 
members  are  calculated  directly  from  the  stress  sheet,  while  the  weights  of  the  details 
are  supplied  by  the  estimater.  The  weight  of  the  details  may  be  estimated  (a)  by  adding 
a  percentage  to  each  member — top  chord,  column,  etc.,  or  (6)  by  adding  a  percentage 
to  the  total  weight  of  main  members.  The  second  method  is  very  satisfactory  where 
a  standard  type  of  structure  is  used,  while  the  first  method  should  always  be  used  for 
new  types  of  construction. 

Accuracy  of  Estimates, — The  rolls  used  in  rolling  sections  are  designed  to  give  a 
section  of  the  required  weight  when  the  rolls  are  new,  so  that  sections  are  usually  slightly 
heavier  than  the  figured  weights  due  to  the  wear  or  the  spreading  of  the  rolls.  It  is 
commonly  specified  (see  §  185,  Appendix  I)  that  the  actual  weight  of  fabricated  steel 
work  may  vary  not  more  than  2  per  cent  from  the  figured  weight.  This  means  that 
where  fabricated  structural  steel  is  bought  at  a  pound  price,  the  purchaser  will  have  to 
pay  for  the  actual  weight,  providing  it  does  not  exceed  the  calculated  weight  by  more 
than  2  per  cent.  Where  fabricated  structural  steel  work  is  more  than  2j  per  cent 
lighter  than  the  calculated  weight,  the  purchaser  may  refuse  to  accept  the  material. 
This  latter  case  never  occurs  unless  sections  lighter  than  those  shown  on  the  drawings 
are  substituted.  The  estimate  made  from  shop  drawings  should  be  used  as  a  basis  for 
comparison.  The  results  obtained  from  the  detail  drawings  or  from  stress  sheets  should 
not  vary  from  shipping  weight  by  more  than  1|  to  2  per  cent,  and  should  be  a  little 
heavy  rather  than  light.  Estimates  from  stress  sheets  should  be  made  only  by  a 
skilled  estimater. 

Shop  Waste. — The  shipping  weight  of  fabricated  structural  steel  will  be  less  than 
the  weight  of  the  rolled  steel,  due  to  the  loss  in  rivet  slugs,  clippings,  beveled  cuts, 
milling,  etc.    This  loss  will  vary  from  3  to  5  per  cent  for  steel  mill  buildings. 

DETAILED  ESTIMATES  OF  STEEL  MILL  BUILDINGS.—The  detailed 
estimates  of  three  steel  mill  buildings  are  given  in  Table  II,  Table  III  and  Table  IV. 
These  estimates  were  made  from  the  shop  drawings. 

Steel  Frame  Mill  Building. — The  detailed  estimate  of  the  steel  frame  building 
shown  in  Fig.  5  and  Fig.  6,  Chapter  XXVI,  is  given  in  Table  II.  The  details  of  the 
steel  framework  are  equal  to  20  per  cent  of  the  weight  of  the  steel  frainework,  not 
including  the  steel  purlins  and  girts.  The  details  are  14.6  per  cent  of  the  total  weight 
of  the  steel  framework  and  the  steel  covering. 

Steel  Frame  Machine  Shop. — The  detailed  estimate  of  the  steel  frame  machine 
shop,  shown  in  Fig.  10,  Chapter  XXVI,  is  given  in  Table  III.  The  details  of  the  steel 
framework  are  equal  to  19.0  per  cent  of  the  weight  steel  of  the  framework,  not  in- 
cluding the  purlins  and  girts.  The  details  are  13.5  per  cent  of  the  total  weight  of  the 
steel  framework  and  the  steel  covering.  The  rivet  heads  weighed  6,400  lb.,  which  is 
3.2  per  cent  of  the  total  weight  of  the  steel  framework,  not  including  the  steel  purlins 
and  girts. 

Steel  Pier  Shed. — The  detailed  estimate  of  the  steel  pier  shed  shown  in  Fig.  9, 
Chapter  XXVI,  is  given  in  Table  IV.  The  details  of  the  steel  framework  are  equal  to 
15.9  per  cent  of  the  total  weight  of  the  steel  framework,  not  including  the  steel  purlins. 
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The  rivet  heads  weighed  5,600  lb.,  which  is  2.25  per  cent  of  the  total  weight  of  the  steel 
framework,  not  including  the  steel  purlins. 

Appro3dmate  Estimates. — The  approximate  weight  of  a  steel  frame  mill  building 
may  be  calculated  from  the  sq.  ft.  of  floor  area,  or  the  cubical  contents  of  the  building; 
the  latter  method  being  the  more  accurate.  The  weight  of  the  framework  of  steel  frame 
mill  buildings  will  vary  from  12  to  18  lb.  per  sq.  ft.,  while  the  weight  of  the  covering 
will  vary  from  3  to  4  lb.  per  sq.  ft.  of  floor  area.  The  weight  of  the  framework  of  steel 
frame  mill  buildings  will  vary  from  0.40  to  0.70  lb.  per  cu.  ft.,  while  the  weight  of  the 
covering  will  vary  from  0.1  to  0.2  lb.  per  cu.  ft. 

TABLE  II. 
Ebtimatb  op  Weight  op  a  Steel  Frame  Mill  BuiLDma,  60  pt.  X  80  pt.  X  20  pt. 

(Fig.  6  and  Fig.  6,  Chapter  XXVI). 
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14,020 
6,800 
6,056 
1,668 

1,776 
2,120 
3,186 
2,060 


Detaik 

Per  cent 

Main  Members 


24.6 
25.0 
14.0 
36.3 
22.0 

7.0 
17.0 


37,686 


20.0 


10,595 
9,590 


57,871 


12.0 


23,626 


22.0 


81,497 


14.6 


Weight  of  Framework  per  sq.  ft.  =  12.06  lb. 
Weight  of  Framework  per  cu.  ft.  «  0.40  lb. 
Total  Weight  of  Steel  per  sq.  ft.  =  17.00  lb. 
Total  Weight  of  Steel  per  cu.  ft.  =  0.57  lb. 
Glass  =  1,040  sq.  ft. 


Rivet  Heads. — Where  the  estimate  is  made  from  shop  drawings  the  actual  number 
of  rivet  heads  should  be  determined.  The  weight  of  rivet  heads  in  per  cent  of  the  total 
weight  of  the  other  material  is  about  as  follows:  purlins,  girts  and  beams,  2  per  cent; 
trusses  and  bracing,  4  per  cent;  plate  girders  and  columns  of  4  angles  and  1  pi.,  5  per 
cent;  plate  girders  and  columns  with  cover  plates,  6  per  cent;  box  girders  or  channel 
columns  with  lacing,  7  per  cent;  trough  floors,  8  to  10  per  cent. 

The  rivet  heads  in  highway  bridges  may  be  taken  at  5  and  4  per  cent  of  the  total 
weight  of  steel  exclusive  of  fence  and  joists  for  riveted  and  pin-connected  trusses, 
respectively. 

Bolts  are  usually  taken  off  in  the  estimate  when  they  occur,  and  entered  as  rivets. 
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TABLE  III. 
EsmcATB  OP  Weight  op  Stebl  Machine  Shop,  100  it.  X  200  ft.    Nitro,  W.  Va. 


No. 
Pes. 


II 

22 

2 

22 

22 


Put  of  Structure. 


Main  Trusses 

Side  Trusses 

Crane  Trusses 

Main  Columns 

Side  Columns , 

Bracing,  Main  Trusses 
Bracing,  Side  Trusses . 


Total  Framework,  not  including  Purlins  and 
Girts 


Purlins 
Girts. . 


Total  Framework, 


Corrugated  Steel  Roof  230  sqs. 
Sides  80  sqs 


Total 


Weight  of  Framework  per  sq.  ft.  =  15.07  lb. 
Weight  of  Framework  per  cu.  ft.  =  0.40  lb. 
Total  Weight  of  Steel  per  sq.  ft.  =  18.04  ^b. 
Total  Weight  of  Steel  per  cu.  ft.  =  0.49  lb. 
Glass  =  7,860  sq.  ft. 
Timber,  Sheathing  =  45,000  ft.  B.M. 

Spiking  Strips  »  4,700  ft.  B.M. 
Brick  =s  31,500 
Concrete  =  80  cu.  yd. 
Wood  Block  Pavement  =  2,200  sq.  yd. 


Main 

Members. 

lb. 

Details, 
lb. 

Total 

Weight. 

lb. 

32,495 

19,969 
62,824 

25,796 
6,906 

11,135 
M,6i9 

7,074 

4,734 
12,224 

3,757 
2,201 

2,120 

814 

39,569 
24,703 
75,048 
29,553 
9,107 

13,255 
15,433 

173,744 

32,924 

206,668 

71,610 
21,085 

557 
1,550 

72,167 
22,635 

266,439 

34,031 

301,470 

37,490 
13,040 

7,498 
1,304 

44,988 
14,344 

317,969 

42,833 

360,802 

Details. 

Per  cent 

Main  Members. 


21.8 
23.7 

195 
14.5 

32.0 

19.0 

S.6 


19.0 


0.8 
7.5 


12.8 


20.0 

10.0 


13.5 


TABLE  IV. 
Estimate  op  Weight  op  Steel  Pier  Shed,  Central  Ry.  op  N.  J.,  68  pt.  X  273  pt.  4  in. 


No. 
Pes. 


13 

I 

2 
28 


Part  of  Structure. 


Main 
'  Members, 
lb. 


Main  Trusses 

End  Truss 

Side  Trusses 

Columns 

Side  Framing 

End  Framing 

Bracing  in  Trusses 


Total  Framework,  not  including  Purlins, 
Purlins 

Total  Steel 


78,754 

4,283 

21,302 

35,364 

33,954 
23,426 

17,451 


214,534 
48,024 


262,558 


Details, 
lb. 


13,754 
889 

5,656 

6,496 
898 

3,414 
2,974 


Total 

Weight, 

lb. 


34,081 
1,288 


92,508 

5,172 
26,958 
41,860 

34,852 
26,840 
20,425 


248,615 
49,312 


35,369         297,927 


Details 
Per  cent 
Main  Members 


17.6 
20.8 
26.7 
18.4 
2.7 
14.6 
17.0 


159 

2.7 


13-5 


Weight  of  Steel  Framework  per  sq.  ft. 
Weight  of  Steel  Framework  per  cu.  ft. 
Glass  »  3,300  sq.  ft. 
Timber  =  48,900  ft.  B.M. 


16.8  lb. 
0.68  lb. 
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When  bolts  are  under  6  in.  in  length,  include  bolts  under  the  item  '*  Bolts  and  Rivets." 
When  over  6  in.  in  length,  put  the  bolts  under  "Bars." 

Miscellaneous  Materials. — Corrugated  Steel. — Always  give  the  number  of  gage, 
whether  painted  or  galvanized,  and  whether  iron  or  steel.  This  remark  also  applies  to 
louvres,  flashing,  ridge  roll,  gutters  and  conductors.  State  whether  corrugated  steel 
is  for  roofing  or  siding.  Roofing  should  be  estimated  in  squares  of  100  sq.  ft.,  adding 
three  feet  on  each  end  of  building  to  the  distance  c.  to  c.  of  end  trusses  to  allow  for 
cornice.  Allow  one  foot  overhang  at  eaves.  Siding  should  be  estimated  in  squares  of 
100  sq.  ft.,  adding  one  foot  at  each  end  of  building  to  allow  for  corner  laps. 

Louvres  should  be  estimated  in  sq.  ft.  of  superficial  area,  stating  whether  fixed  or 
pivoted. 

Flashing  should  be  estimated  in  lineal  feet  and  should  be  taken  off  over  all  windows 
where  corrugated  sheathing  is  used  on  the  sides  of  building,  and  under  all  louvres  and 
windows  in  ventilators. 

Ridge  roll  should  be  estimated  in  lineal  feet,  adding  one  foot  to  the  distance  center 
to  center  of  end  trusses.  Ridge  roll  is  usually  taken  off  the  same  gage  as  the  corrugated 
steel  roofing. 

Gutters  and  conductors  should  be  estimated  in  lineal  feet,  the  conductors  usually 
being  spaced  from  40  to  50  ft.,  depending  upon  the  area  drained. 

Circular  ventilators  should  be  estimated  by  number,  giving  diameter  and  kind,  if 
specified. 

Stack  collars  should  be  estimated  by  number,  giving  diameter  of  stack. 

Windows  should  be  estimated  in  sq.  ft.  of  superficial  area,  taking  for  the  width  the 
distance  between  girts.  State  whether  windows  are  fixed,  sliding,  pivoted,  counter- 
balanced or  counter-weighted.  State  kind  and  thickness  of  glass  and  give  list  of 
hardware,  and  anything  else  of  a  special  nature. 

Doors  should  be  estimated  in  sq.  ft.;  state  whether  sliding,  lifting,  rolling  or  swing- 
ing. Steel  doors  covered  with  corrugated  steel  should  be  estimated  by  including  the 
steel  frame  under  steel  and  the  covering  with  corrugated  steel  siding.  State  style  of 
track,  hangers  and  latch. 

Skylights  should  be  estimated  in  sq.  ft.,  giving  kind  of  glass  and  frames. 

Operating  devices  for  pivoted  windows  or  louvres  should  be  estimated  in  lineal  feet. 

Lumber  should  be  estimated  in  feet,  board  measure,  noting  kind.  Note  that 
lumber  under  1  in.  in  thickness  is  classified  as  1  in.  Above  1  in.  it  varies  by  i  in.  in 
thickness,  and  if  surfaced  will  be  f  in.  less  in  thickness,  i.  e.,  if  in.  sheathing  is  actually 
if  in.  thick,  but  should  be  estimated  as  If  in.  Lumber  comes  in  lengths  of  even  feet; 
if  a  piece  10  ft.  8  in.  or  11  ft.  0  in.  is  required,  a  stick  12  ft.  0  in.  long  should  be  esti- 
mated. In  using  lumber  there  is  usually  considerable  waste,  depending  upon  the  purpose 
for  which  it  is  intended.  In  estimating  tongue  and  groove  sheathing  10  to  20  per  cent 
should  be  added  for  tongues  and  grooves  and  from  5  to  10  per  cent  for  waste,  depending 
upon  the  widths  of  boards  and  how  the  sheathing  is  laid. 

Composition  roofing  or  slate  should  be  estimated  in  squares  of  100  sq.  ft.,  allowing 
the  proper  amount  for  overhang  at  eaves  and  gables  and  for  flashing  up  under  a  ventilator 
or  on  the  inside  of  a  parapet  wall. 

Tile  roofing  or  slate  should  be  estimated  in  squares  of  100  sq.  ft.,  adding  5  per  cent 
for  waste.     Include  in  an  estimate  for  tile  roof,  gutters,  coping,  ridge  roll,  plates  over 
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ventilator  windows  and  plates  under  ventilator  windows,  these  being  estimated  in 
lineal  feet.    Flat  plates  for  the  ends  of  ventilators  should  be  estimated  in  sq.  ft. 

Brick  should  be  estimated  by  number.  For  ordinary  brick  such  as  is  used  in  mill 
building  construction,  estimate  7  brick  per  sq.  ft.  for  each  brick  in  thickness  of  wall, 
i.  e.,  a  9-in.  wall  is  two  bricks  thick  and  contains  14  brick  for  each  sq.  ft.  of  superficial 
area. 

Always  note  whether  walls  are  pilastered  or  corbeled  and  estimate  the  additional 
amount  of  brick  required.  If  walls  are  plain,  no  percentage  need  be  added  for  waste, 
but  if  openings  such  as  arched  windows  occur  add  from  5  to  10  per  cent. 

Concrete  should  be  estimated  in  cubic  yards.  Walls  or  ceiling  of  plaster  on  ex- 
panded metal  should  be  estimated  in  squares  of  100  sq.  ft.,  noting  thickness  and  kind 
of  reinforcement.  Reinforced  concrete  floors  should  be  estimated  in  sq.  ft.  of  floor  area, 
noting  thickness  and  kind  of  reinforcement.  Paving  of  all  kinds  is  estimated  in  square 
yards,  but  the  concrete  filling  under  the  pavement  itself  is  estimated  in  cubic  yards. 
Concrete  floor  on  cinder  filling  is  usually  estimated  in  square  yards,  specifying  its 
proportions. 

ESTIMATE  OF  COST.— The  different  types  of  framed  steel  structures  vary 
so  much  with  local  conditions  and  requirements  that  it  is  only  possible  to  give  data 
that  may  be  used  as  a  guide  to  the  experienced  estimator.  The  cost  of  steel  frame 
structures  may  be  divided  into  (1)  cost  of  material,  (2)  cost  of  fabrication,  (3)  cost  of 
erection,  and  (4)  cost  of  transportation.  The  costs  of  materials  and  labor  have  been 
abnormal  for  several  years  making  cost  data  of  relatively  little  value.  Conditions  are 
slowly  returning  to  normal,  but  it  is  not  possible  at  present  to  predict  what  the  final 
base  level  will  be.  In  the  following  discussion  the  costs  are  for  prewar,  1914,  con- 
ditions unless  the  actual  date  is  given. 

1.  COST  OF  MATERIAL. — The  price  of  structural  steel  is  quoted  in  cents  per  pound 
delivered  f.o.b.  cars  at  the  point  at  which  the  quotation  is  made.  Current  prices  may 
be  obtained  from  th^  Engineering-News  Record,  Iron  Age  or  other  technical  papers. 

Extras. — The  base  prices  are  for  I-beams  and  channels  15  in.  deep  and  under, 
angles  with  one  or  both  legs  3  to  6  in.  wide,  inclusive;  square  or  round  bars,  f  in.  to 
3  in.,  round  or  square,  inclusive;  flat  bars  1  in.  to  6  in.  wide  and  f  in  to  1  in.  thick;  plates 
}  in.  thick  and  over,  and  100  in.  wide  and  under.  All  material  other  than  that  included 
above  takes  an  extra  price.  For  a  standard  card  of  extras,  see  the  author's  "Structural 
Engineers'  Handbook." 

COST  OF  FABRICATION  OF  STRUCTURAL  STEEL.— The  cost  of  fabrica- 
tion of  structural  steel  may  be  divided  into  (a)  cost  of  drafting,  (6)  cost  of  mill  details, 
and  (c)  cost  of  shop  labor. 

(a)  COST  OF  DRAFTING.— The  cost  of  drafting  varies  with  the  character  of 
the  structure  and  with  the  shop  methods  of  the  bridge  company.  There  are  two  general 
methods  in  common  use  for  detailing  steel  structures,  sketch  details,  and  complete 
details.  The  cost  of  drafting  varies  with  the  method  of  detailing  and  the  number  of 
pieces  to  be  made  from  one  detail,  and  costs  per  ton  may  mean  but  little  and  be  very 
misleading.  The  cost  per  standard  sheet  (24  in.  X  36  in.)  is  more  nearly  a  constant 
and  varies  from  SI 5  to  $25  per  sheet.  The  following  approximate  costs,  based  on  a 
total  average  charge  of  40  cents  per  hour,  may  be  of  value. 
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Mill  and  Mine  Buildings. — Details  of  ordinary  steel  mill  buildings  cost  from  S2 
to  $4  per  ton;  details  for  head  works  for  mines  cost  from  $4  to  S6  per  ton;  details  for 
churches  and  court  houses  having  hips  and  valleys,  cost  from  $6  to  S8  per  ton;  details 
for  circular  steel  bins  cost  from  SI. 50  to  $3  per  ton;  details  for  rectangular  steel  bins 
cost  from  $2  to  $4  per  ton;  details  for  conical  or  hopper  bottom  bins  cost  from  $4  to 
$6  per  ton. 

Bridges. — Details  of  steel  bridges  will  cost  from  $1  to  S2  per  ton  where  sketch 
details  are  used,  and  from  $2  to  14  per  ton  where  the  members  are  detailed  separately. 

Actual  Cost  of  Drafting. — The  details  of  the  Basin  &  Bay  State  Smelter,  containing 
270  tons,  cost  12  per  ton. 

The  costs  of  making  shop  details  for  steel  structures  as  given  in  the  Technograph 
No.  21,  1907,  by  Mr.  Ralph  H.  Gage,  are  given  in  Table  V. 

TABLE  V. 
CoBT  OP  Shop  Drawings. 


Character  of  Building. 


Entire  skeleton  construction,  i.  e.,  loads  all  carried  to  the  foundation  by 

means  of  steel  columns 

Interior  portion  supported  on  steel  columns;  exterior  walls  carry  floor  loads 

and  their  own  weight 

Interior  portion  carried  on  cast-iron  columns;   exterior  walls  support  floor 

loads  as  well  as  their  own  weight 

No  columns  and  floorbeams  resting  on  masonry  walls  throughout 

Structure  consisting  mostly  of  roof  trusses  resting  on  columns , 

Structure  consisting  mostly  of  roof  trusses  resting  on  masonry  walls 

Mill  buildings , 

Flat  one-story  shop  or  manufacturing  buildings 

Tipples,  mining  structures  or  other  complicated  structures 

Malt  or  grain  bins  and  hoppers , 

Remodeling  and  additions  where  measurements  are  necessary  before  details 

can  be  made 


Average  Cost  per  Ton. 


1.22 

0.70 
0.85 

2-47 
1. 25 

2.56 

0.74 

4.88 

^47 
1.87 


Mr.  Gage  makes  the  following  comments  on  the  cost  of  drafting:  "The  cost  of 
drafting  materials  and  blue  prints  was  not  included.  There  is  always  a  noticeable 
decrease  in  cost  of  the  details  when  the  plans  for  the  ironwork  are  made  and  designed 
by  an  engineer  and  separated  from  the  general  work.  On  the  average  it  cost  35  per 
cent  more  to  make  shop  drawings  of  the  structural  steel  when  the  data  were  taken  from 
the  arcliitect's  plans  than  when  the  data  were  taken  from  carefully  worked  out  engineer's 
plans.  Inaccurate  plans  where  the  draftsman  is  continually  finding  errors  which  must 
be  referred  to  the  architect  materially  increase  the  cost  of  shop  drawings."- 

(6)  COST  OF  MILL  DETAILS.— -If  material  is  ordered  directly  from  the  rolling 
mill  the  price  for  the  necessary  cutting  to  exact  length,  punching,  etc.,  is  based  on  a 
standard  "card  of  mill  extras." 

CARD  OF  MILL  EXTRAS. — If  the  estimate  is  to  be  based  on  card  rates  it  will  be  necessary 
to  have  the  subdivisions  a,  b,  c,  d,  e,  f,  r,  etc.,  as  follows: 

a  —  O.lScts,  per  lb.  This  covers  plain  punching  one  size  of  hole  in  web  only.  Plain  punching, 
one  size  of  hole  in  one  or  both  flanges. 

b  —  0.2oct8.  per  Ih.  This  covers  plain  punching  one  size  of  hole  either  in  web  and  one  flange 
or  web  and  both  flanges.     (The  holes  in  the  web  and  flanges  must  be  of  same  size.) 
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e  »  0.30cto.  per  Jb.  This  coven  punching  of  two  sizes  of  holes  in  web  only.  Punching  of 
two  sixes  of  holes  either  in  one  or  botn  flanges.  One  size  of  hole  in  one  flange  and  another  size 
of  hole  in  the  other  flange. 

d  =>  0.35c<8.  ver  lb.  This  covers  coping,  ordinary  beveling,  riveting  or  bolting  of  connection 
angles  and  assemoling  into  girders,  when  the  beams  forming  such  girders  are  held  together  by 
separators  only. 

e  —  0.40cts,  per  lb.  This  covers  punching  of  one  size  of  hole  in  the  web  and  another  size  of 
hole  in  the  flanges. 

/  =  0.15cfo.  per  W,    This  covers  cutting  to  length  with  less  vibration  than  ±  I  in. 

r  B  0.50cts.  per  lb.  This  covers  beams  with  cover  plates,  shelf  angles,  and  ordinary  riveted 
beam  work.  If  this  work  consists  of  bending  or  any  unusual  work,  the  beams  should  not  be 
included  in  beam  classification. 

Fittings. — All  fittings,  whether  loose  or  attached,  such  as  angle  connections,  bolts,  separators, 
tie  rods,  etc.,  whenever  they  are  estimated  in  connection  with  b^uns  or  channels  to  be  charged 
at  1.55cts.  per  lb.  over  and  above  the  base  price. 

For  aaditional  data  on  "mill  extras,"  see  the  author's  "Structural  Engineers'  Handbook." 

Mill  Orders. — In  mill  orders  the  following  items  should  be  borne  in  mind.  Where 
beams  butt  at  each  end  against  some  other  member,  order  the  beams  §  in.  shorter  than 
the  figured  lengths;  this  will  allow  a  clearance  of  i  in.  if  all  beams  come  f  in.  too  long. 
Where  beams  are  to  be  built  into  the  wall,  order  them  in  full  lengths,  making  no  allow- 
ance for  clearance.  Order  small  plates  in  multiple  lengths.  Irregular  plates  on  which 
there  will  be  considerable  waste  should  be  ordered  cut  to  templet.  Mills  will  not  make 
reentrant  cuts  in  plates.  Allow  \  in.  for  each  milling  for  members  that  have  to  be 
faced.  Order  web  plates  for  girders  i  to  ^  in.  narrower  than  the  distance  back  to  back 
of  angles.  Order  as  nearly  as  possible  everything  cut  to  required  length,  except  where 
there  are  liable  to  be  changes  made,  in  which  case  order  long  lengths. 

It  is  often  possible  to  reduce  the  cost  of  mill  details  by  having  the  mills  do  only 
part  of  the  work,  the  rest  being  done  in  the  field,  or  by  sending  out  from  the  shop  to  be 
riveted  on  in  the  field  connection  angles  and  other  small  details  that  would  cause  the 
work  to  take  a  very  much  higher  price.  Standard  connections  should  be  used  wherever 
possible,  and  special  work  should  be  avoided. 

In  estimating  the  cost  of  plain  material  in  a  finished  structure  the  shipping  weight 
from  the  structural  shop  is  wanted.  The  cost  of  material  f.  o.  b.  the  shop  must  therefore 
include  the  cost  of  waste,  paint  material,  and  the  freight  from  the  mill  to  the  shop. 
The  waste  is  variable  but  as  an  average  may  be  taken  at  4  per  cent.  Paint  material 
may  be  taken  as  two  dollars  per  ton.    The  cost  of  plain  material  at  the  shop  would  be 

Average  cost  per  lb.  f.  o.  b.  mill,  say 2.2.5  ct«. 

Add  4  per  cent  for  waste 09    " 

Add  $2.00  per  ton  for  paint  material 10    " 

Add  freight  from  mill  to  shop  (Pittsburgh  to  St.  Louis) 24    " 

Total  cost  per  pound  f.  o.  b.  shop 2.68    " 

To  obtain  the  average  cost  of  steel  per  pound  multiply  the  pound  price  of  each 
kind  of  material  by  the  percentage  that  this  kind  of  material  is  of  the  whole  weight,  the 
sum  of  the  products  will  be  the  average  pound  price. 

(c)  COST  OF  SHOP  LABOR.— The  cost  of  shop  labor  may  be  calculated  for 
the  different  parts  of  the  structure,  or  may  be  calculated  for  the  structure  as  a  whole. 

The  cost  of  shop  labor  will  depend  upon  the  unit  cost  of  labor,  and  upon  the  time 
taken  to  handle  the  parts,  the  number  of  cuts  and  punchings  required,  the  assembling 
and  bolting  up  and  the  number  of  driven  rivets.  For  standard  trusses  and  columns  the 
number  of  driven  rivets  is  an  excellent  measure  in  estimating  the  shop  cost. 
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The  roof  trusses  in  Table  I  have  376  rivets  in  each  truss.  The  present  (1921)  cost 
for  driving  f-in.  shop  rivets  is  about  7  cts.  per  rivet.  This  makes  the  shop  cost  of  one 
truss  =  376  X  0.07  =  S25.52,  or  about  $1.10  per  100  lb. 

The  framework  of  the  steel  machine  shop  in  Table  III  required  the  driving  of 
30,000  rivets.  The  shop  cost  of  206,608  lb.  of  structural  framework  will  be  30,000  X  0.07 
=•  $2,100.00,  or  about  $1.00  per  100  lb. 

The  following  costs  are  based  on  an  average  charge  of  40  cents  per  hour  and  include 
detailing  and  shop  labor.  The  cost  of  fabricating  beams,  channels  and  angles  which  are 
simply  punched  or  have  connection  angles  loose  or  attached  should  be  estimated  on  the 
basis  of  mill  details,  which  see. 

SHOP  COSTS  OF  STEEL  FRAME  BUILDINGS.— The  following  costs  of  different 
parts  of  steel  frame  office  and  mill  structures  are  a  fair  average. 

Columns. — In  lots  of  at  least  six,  the  shop  cost  of  columns  is  about  as  follows: 
Columns  made  of  two  channels  and  two  plates,  or  two  channels  laced  cost  about  0.80 
to  0.70  cts.  per  lb.,  for  columns  weighing  from  600  to  1,000  lb.  each;  columns  made  of 
4  angles  laced  cost  from  0.80  to  1.10  cts.  per  lb.;  columns  made  of  two  channels  and  one 
I-beam,  or  three  channels  cost  from  0.65  to  0.90  cts.  per  lb.;  columns  made  of  single 
I-beams,  or  single  angles  cost  about  0.50  cts.  per  lb. ;  and  Z-bar  columns  cost  from  0.70 
to  0.90  cts.  per  lb. 

Plain  cast  columns  cost  from  1.50  to  0.75  cts.  per  lb.,  for  columns  weighing  from 
500  to  2,500  lb.,  and  in  lots  of  at  least  six. 

Roof  Trusses. — In  lots  of  at  least  six,  the  shop  cost  of  ordinary  riveted  roof  trusses 
in  which  the  ends  of  the  members  are  cut  off  at  right  angles  is  about  as  follows:  Trusses 
weighing  1,000  lb.  each,  1.15  to  1.25  cts.  per  lb.;  trusses  weighing  1,500  lb.  each,  0.90 
to  1.00  cts.  per  lb.;  trusses  weighing  2,500  lb.  each,  0.75  to  0.85  cts.  per  lb.;  and  trusses 
weighing  3,500  to  7,500  lb.  each,  0.60  to  0.75  cts.  per  lb.  Pin-connected  trusses  cost 
from  0.10  to  0.20  cts.  per  lb.  more  than  riveted  trusses. 

Eave  Struts. — Ordinary  eave  struts  made  of  4  angles  laced,  whose  length  does  not 
exceed  20  to  30  ft.,  cost  for  shop  work  from  0.80  to  1.00  cts.  per  lb. 

Plate  Girders. — The  shop  work  on  plate  girders  for  crane  girders  and  floors  will 
cost  from  0.60  to  1.25  cts.  per  lb.,  depending  upon  the  weight,  details  and  number  made 
at  one  time. 

COST  OF  ERECTION  OF  STEEL  FRAME  OFFICE  AND  MILL  BUILDINGS 
AND  MINE  STRUCTURES.— In  estimating  the  cost  of  erection  of  structural  steel 
work  it  is  best  to  divide  the  cost  into  (a)  cost  of  placing  and  bolting  steel,  and  (b)  cost 
of  riveting.  The  cost  will  be  based  on  labor  at  an  average  price  of  $3.20  per  day  of  8 
hours  or  40  cts.  per  hour. 

(a)  Cost  of  Placing  and  Bolting. — The  cost  of  placing  and  bolting  mDl  buildings  for 
ordinary  conditions  may  be  estimated  at  from  $6.00  to  S8.00  per  ton.  The  cost  of 
placing  and  bolting  up  steel  office  buildings  may  be  estimated  at  from  $5.00  to  $9.00 
per  ton.  The  cost  of  placing  and  bolting  up  steel  bins  may  be  estimated  at  from  $10.00 
to  $15.00  per  ton.  The  cost  of  placing  and  bolting  up  head  frames  may  be  estimated 
at  from  $12.00  to  $18.00  per  ton. 

(b)  Cost  of  Riveting. — It  will  cost  from  6  to  10  cts.  per  rivet  to  drive  f  -  or  }-in. 
rivets  by  hand  in  structural  framework  where  a  few  rivets  are  found  in  one  place. 
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A  fair  average  is  7  cts.  per  rivet.    The  same  size  rivets  can  be  driven  in  tank  work 
for  from  4  to  7  cts.  per  rivet,  with  5  cts.  per  rivet  as  a  fair  average. 
The  cost  of  riveting  by  hand  is  distributed  about  as  follows: 

3  men,  2  driving  and  1  bucking  up,  at  13.50  per  day  of  8  hours $10.50 

1  rivet  heater  at  $3.00  per  day  of  8  hours 3.00 

Coal,  tools,  superintendeDce 1.50 

Total  per  day $15.00 

On  structural  work  a  fair  day's  work  driving  f-in.  or  |-in.  rivets  will  be  from  150 
to  250,  depending  upon  the  amount  of  scaffolding  required.  This  makes  the  total  cost 
from  6  to  10  cts.  per  rivet. 

On  bin  work  when  the  rivets  are  close  together  and  little  staging  is  required,  the 
gang  above  will  drive  from  200  to  400  rivets  per  day.  This  makes  the  total  cost  from 
about  4  to  7  cts.  per  rivet. 

Rivets  can  be  driven  by  power  riveters  for  one-half  to  three-fourths  the  above,  not 
counting  the  cost  of  installation  and  air.  The  added  cost  for  power  and  equipment 
makes  the  cost  of  driving  field  drivets  with  pneumatic  riveters  about  the  same  as  the 
cost  of  driving  field  rivets  by  hand. 

Soft  iron  rivets  ^  in.  and  under  can  be  driven  cold  for  about  one-half  what  the  same 
rivets  can  be  driven  hot,  or  even  less. 

Cost  of  Erection. — Small  steel  frame  buildings  will  cost  about  $10.00  per  ton  for 
the  erection  of  the  steel  framework,  if  trusses  are  riveted  and  all  other  connections  are 
bolted.  The  cost  of  laying  corrugated  steel  is  about  $0.75  per  square  when  laid  on 
plank  sheathing,  $1.25  per  square  when  laid  directly  on  the  purlins,  and  $2.00  per 
square  when  laid  with  anti-condensation  lining.  The  erection  of  corrugated  steel 
siding  costs  from  $0.75  to  $1.00  per  square.  The  cost  of  erecting  heavy  machine  shops, 
all  material  riveted  and  including  the  cost  of  painting  but  not  the  cost  of  the  paint,  is 
about  $8.50  to  $9.00  per  ton.  Small  buildings  in  which  all  connections  are  bolted  may 
be  erected  for  from  $5.00  to  $6.00  per  ton.  The  cost  of  erecting  the  structural  frame- 
work for  office  buildings  will  vary  from  $6.00  to  $10.00  per  ton. 

Actual  Costs  of  Erection. — The  cost  of  erecting  the  East  Helena  transformer 
building,  1897,  was  $12.80  per  ton,  including  the  erection  of  the  corrugated  steel  and 
transportation  of  the  men.  The  cost  of  erecting  the  Carbon  Tipple  was  $8.80  per  ton, 
including  corrugated  steel.  The  cost  of  erection  of  the  Basin  &  Bay  State  Smelter  was 
$8.20  per  ton,  including  the  hoppers  and  corrugated  steel. 

The  cost  of  erecting  the  structural  steel  work  for  the  Great  Northern  Ry.  Grain 
Elevator,  Superior,  Wisconsin,  was  $13.25  per  ton,  including  the  driving  of  all  rivets. 
There  were  10,600  tons  of  structural  steel  work,  and  2,000,000  field  rivets,  or  nearly 
200  field  rivets  per  ton  of  structural  steel. 

Erection  of  Structural  Steel  for  an  Armory.* — The  structural  framework  for  the 
new  armory  of  the  University  of  Illinois,  consists  of  three-hinged  arches  having  a  span 
of  206  ft.,  and  a  center  height  of  94  ft.  3  in.  The  arches  are  spaced  26  ft.  6  in.  centers 
and  are  braced  in  pairs.  The  total  weight  of  structural  steel  was  985  tons,  and  contained 
15,400  J-in.  and  14,900  J-in.  or  a  total  of  30,300  field  rivets.  The  cost  of  erecting  the 
structural  steel,  including  field  riveting,  was  $9.55  per  ton.  The  average  cost  of  driving 
the  field  rivets  was  13.1  cts.  each. 

*  Engineering  and  Contracting,  Aug.  6,  1913. 
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Transportation. — Fabricated  structural  eteel  commonly  takes  a  "fifth-class  rate" 
when  shipped  in  carload  lots,  and  a  ''fourth-class  rate"  when  shipped  ''local"  (in  less 
than  carload  lots).  The  minimum  carload  depends  upon  the  railroad  and  varies  from 
20,000  to  30,000  lb.  Tariff  sheets  giving  railroad  rates  may  be  obtained  from  any 
railroad  company.  The  shipping  clerk  should  be  provided  with  the  clearances  of  all 
tunnels  and  bridges  on  different  lines  so  that  the  car  may  be  properly  loaded. 

Freight  Rates. — The  freight  rates  (1921)  on  finished  steel  products  in  carload 
shipments  from  the  Pittsburgh  District,  including  plates,  structural  shapes,  merchant 
steel  and  iron  bars,  pipe  fittings,  plain  and  galvanized  wire,  nails,  rivets,  spikes  and  bolts 
(in  kegs),  black  sheets  (except  planished),  chain,  etc.,  are  as  follows,  in  cts.  per  100  lb. 
in  carload  shipments:  Albany,  30;  Buffalo,  17;  Chicago,  27;  Cincinnati,  23;  Cleveland, 
17;  Denver,  99;  Kansas  City,  59;  New  Orleans,  38j;  New  York,  27;  Pacific  Coast 
(all  rail),  125;  Philadelphia,  2^;  St.  Louis,  24;  St.  Paul,  49^;  Detroit,  33;  Baltimore, 
33. 

COST  OF  PAINTING.— The  amount  of  materials  required  to  make  a  gallon  of 
paint  and  the  surface  of  steel  work  covered  by  one  gallon  are  given  in  Table  VI.  Struc- 
tural steel  should  be  painted  with  one  coat  of  linseed  oil,  linseed  oil  with  lamp-black 
filler,  or  red  lead  paint  at  the  shop;  and  two  coats  of  first-class  paint  after  erection.  The 
two  field  coats  should  be  of  different  colors;  care  being  used  to  see  that  first  coat  is 
thoroughly  dry  before  appl3dng  the  second  coat.  Steel  bridges  and  exposed  steel 
frame  buildings  ordinarily  require  repainting  every  three  or  four  years. 

The  steel  work  in  the  extension  to  the  16th  St.  Viaduct,  Denver,  Colo.,  was  painted 
with  red  lead  paint  mixed  in  the  following  proportions, — 100  lb.  red  lead,  2  lb.  lamp- 
black and  4.125  gallons  of  linseed  oil.  This  mixture  made  6  gallons  of  mixed  paint  of  a 
chocolate  color,  and  gave  1.455  gallons  of  paint  for  each  gallon  of  oil. 


TABLE  VI. 

Average  Surface  Covered  per  Gallon  of  Paint. 

Pencoyd  Hand  Book. 


Paint. 


Iron  oxide  (powdered) . . . 
Iron  oxide  (ground  in  oil) , 
Red  lead  (powdered) .... 
White  lead  (ground  in  oil) 
Graphite  (ground  in  oil) .  . 

Black  asphalt 

Linseed  oil  (no  pigment) . 


Volume  of  Oil. 


I  gal. 

I  gal. 

I  gal. 

I  gal. 

I  gal. 

I  gal.  (turp.) 

I  gal. 


Pounda  of 
Pigment. 


8.00 

24-75 
22.40 

25.00 

12.50 

17.50 


V<dume  and 

Weiiditof 

Pamt. 


Gal. 


Lb. 


1.2  — 
2.6  « 
1.4  = 

2.0  = 
4.0  = 


i6xx> 

3i-75 
30.40 

33.00 

20.50 

30.00 


SqnaraFeei. 


1  Coat.  2CoaU 


600 
630 
630 
500 
630 

875 


375 

375 
300 

350 
310 


Light  structural  work  will  average  about  250  sq.  ft.,  and  heavy  structural  work 
about  150  sq.  ft.  of  surface  per  net  ton  of  metal,  while  No.  20  corrugated  steel  has  2,400 
sq.  ft.  of  surface. 

It  is  the  common  practice  to  estimate  ^  gallon  of  paint  for  the  first  coat  and  f  gallon 
for  the  second  coat  per  ton  of  structural  steel,  for  average  conditions. 

For  the  cost  of  paint  materials,  see  Engineering  News-Record. 
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A  good  painter  should  paint  1,200  to  1,500  sq.  ft.  of  plate  surface  or  corrugated 
steel  or  300  to  500  sq.  ft.  of  structural  steel  work  in  a  day  of  8  hours;  the  amount  covered 
depending  upon  the  amount  of  staging  and  the  paint.  A  thick  red  lead  paint  mixed 
with  30  lb.  of  lead  to  the  gallon  of  oil  will  take  fully  twice  as  long  to  apply  as  a  graphite 
paint  or  linseed  oil.  The  cost  of  applying  paint  is  roughly  equal  to  the  cost  of  a  good 
quality  of  paint,  the  cost  per  ton  depending  on  the  spreading  qualities  of  the  paint. 
This  rule  makes  the  cost  of  applying  a  red  lead  paint  with  30  lb.  of  pigment  per  gallon 
of  oO  from  two  to  three  times  the  cost  of  applying  a  good  graphite  paint,  per  ton  of 
structural  steel.    For  additional  data  on  paints,  see  Chapter  XXXV. 

MISCELLAITEOUS  COSTS.— The  following  approximate  costs  will  be  of  value 
in  making  preliminary  estimates.  The  cost  of  construction  depends  so  much  upon 
local  conditions  that  average  costs  should  only  be  used  as  a  guide  to  the  judgment  of 
the  engineer. 

MILL  BUILDING  FLOORS. — The  following  costs  are  for  floors  resting  on  a  good 
compact  soO  and  do  not  include  unusual  difficulties. 

Timber  Floor  on  Pitch-Concrete  Base. — The  cos(}  varies  from  about  $1.25  per  sq. 
yd.  for  a  2-in.  pine  sub-floor  and  a  |-in.  pine  finish,  to  about  $1.75  per  sq.  yd.  for  a  2-in. 
pine  sub-floor  and  a  {-in.  maple  finish. 

Asphalt  Mastic  Floor. — ^The  asphalt  mastic  floor  laid  at  the  Philadelphia  Navy 
Yard  in  1918  cost  $2.90' per  sq.  yd.  For  details  of  laying  this  floor  and  the  detailed 
cost,  see  Chapter  XXXII. 

Concrete  Floor  on  Gravel  Sub-base. — The  cost  varies  from  $1.25  to  $2.00  per  sq.  yd* 

Creosoted  Timber  Block  Floor. — Creosoted  timber  blocks  3  in.  to  4  in.  thick,  laip 
on  a  6-in.  concrete  base,  will  cost  from  $2.50  to  $3.50  per  sq.  yd. 

The  Central  Railway  of  Georgia  in  1910  installed  12,140  sq.  yd.  of  creosoted  wood 
block  floor  in  the  machine  and  boiler  shops  at  Macon,  Ga.  The  blocks  in  the  machine 
shop  were  3  in.  deep  by  3  in.  wide  by  8  in.  long,  and  were  laid  on  a  ^-in.  sand  cushion  on  a 
concrete  slab  5  in.  thick.  The  joints  were  filled  with  sand  and  cement  grout.  The  floor 
cost  $2.70  per  sq.  yd.,  complete  in  place.  The  roundhouse  has  5,000  sq.  yd.  of  4  in. 
creosote  block  floor.  The  blocks  are  4^  in.  wide  and  are  laid  on  a  ^-in.  cushion  on  a 
concrete  slab  5  in.  thick.  The  floor  cost  $3.05  per  sq.  yd.,  complete  in  place.  All 
blocks  were  of  yellow  pine  treated  with  18  lb.  of  creosote  oil  per  cu.  ft.  No  expansion 
joints  were  used  and  there  has  been  no  trouble  from  swelling. 

The  Pennsylvania  Railroad  laid  a  creosoted  wood  block  floor  during  1914  in  its 
roundhouse  at  Erie,  Pa.  The  blocks  were  laid  on  a  1-in.  sand  cushion  on  a  concrete 
slab  6  in.  thick.     The  floor  cost  $2.53  per  sq.  yd.  in  place. 

ROOFING  FOR  MILL  BUILDINGS.— The  following  costs  include  the  cost  of 
materials  and  the  cost  of  laying,  but  do  not  include  the  cost  of  the  sheathing. 

Corrugated  Steel  Roofing. — The  weight  of  corrugated  steel  roofing  and  siding  may 
be  obtained  from  Table  I,  Chapter  XVIII.  The  price  of  corrugated  steel  may  be 
obtained  from  current  quotations  in  Engineering  News-Record  or  Iron  Age.  The  cost  of 
laying  corrugated  steel  is  about  $0.75  per  square  when  laid  on  plank  sheathing,  $1.25  per 
square  when  laid  directly  on  the  purlins,  and  $2.00  per  square  when  laid  with  anti- 
condensation  lining.    The  erection  of  corrugated  siding  costs  from  $0.75  to  $1.00  per 
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square.  Asbestos  paper  costs  from  3^  to  4  cts.  per  lb.  Galvanized  wire  netting,  No.  19, 
costs  25  to  30  cts.  per  square  of  100  sq.  ft.  Brass  wire,  No.  20,  costs  about  20  cts.  per 
lb.  No.  9  galvanized  wire  costs  about  3  cts.  per  lb.  For  trimmings,  flashing,  ridge  roll, 
etc.,  add  1  ct.  per  lb.  to  the  base  price  of  corrugated  steel. 

Tar  and  Gravel  Roofing. — Four-  or  five-ply  tar  and  gravel  roofing,  for  average 
conditions,  costs  from  $3.75  to  S4.00  per  square,  not  including  sheathing. 

Cost  of  Five-Ply  Tar  and  Gravel  Roofing. — The  cost  of  a  roundhouse  roof  in  the 
middle  west,  based  on  1912  prices  and  containing  500  squares  of  five-ply  tar  and  gravel 
roofing,  was  as  follows : 

Cost  per  square  of  100  sq.  ft.  not  including  fixed  charges  or  profit,  not  including 
sheathing. 

Sheathing  paper,  5  lb $0.12 

Pitch,  155  lb.  at  60  cents  per  100  lb 0.93 

Felt,  85  lb.  at  $1.65  per  100  lb 1.40 

Nails  and  caps 0.05 

Cleats  for  flashing 0.05 

Gravel  (about  onenaeventh  yard) 23 

Labor,  including  hauling,  board  and  railroad  fare 1.15 

Total  cost  per  square $3.93 

Tin  Roofing. — Tin  roofing  costs  from  $7.00  to  $9.00  per  square,  not  including 
sheathing. 

Slate  Roofing. — Slate  roofing  costs  from  $7.00  to  $12.00  per  square,  not  including 
sheathing. 

Tile  Roofing. — The  cost  of  tile  roofing  is  variable,  depending  upon  style  of  roof  and 
location  and  local  conditions,  and  may  vary  from  $13.00  to  $30.00  per  square,  not 
including  sheathing. 

WINDOWS. — Windows  with  wooden  frames  and  sash,  and  double  strength  glass, 
will  cost  from  25  to  50  cts.  per  sq.  ft.  of  opening.  Windows  with  metal  frames  and 
sash  and  wire  glass,  will  cost  from  45  to  55  cts.  per  sq.  ft.  of  opening. 

SKYLIGHTS. — Skylights  with  metal  frames  and  sash  and  wire  glass,  will  cost  from 
50  to  60  cts.  per  sq.  ft.  Skylights  made  of  translucent  fabric  stretched  on  wooden 
frames,  will  cost  from  25  to  30  cts.  per  sq.  ft:  Louvres  without  frames,  will  cost  about 
25  cts.  per  sq.  ft. 

CIRCnLAR  VENTILATORS.— Circular  ventilators  will  cost  about  as  follows:— 
12-in.,  $2.00;  18-in.,  $6.75;  24-in.,  $10.00;  36-in.,  $15.00  each,  when  ordered  in  lots 
of  at  least  six. 

ROLLING  STEEL  SHUTTERS.- Rolling  steel  shutters  will  cost  $0.75  to  $1.00 

per  sq.  ft. 

WATERPROOFING. — The  following  costs  for  waterproofing  engineering  struc- 
tures are  taken  from  the  Proceedings  of  the  American  Railway  Engineering  Association, 
Vol.  12,  1911.  (1)  Bridge  floor,  6-ply  felt  and  pitch,  12|  cts.  per  sq.  ft.,  including  pro- 
tection over  waterproofing.  (2)  Trough  bridge  floor,  4-ply.  burlap  and  asphalt,  10  to 
16^  cts.  per  sq.  ft.  (3)  Bridge  floor,  3-ply  burlap  and  asphalt,  and  asphalt  mastic,  16 
cts.  per  sq.  ft.  (4)  Concrete  slab  bridge  floor,  5-ply  felt,  1-ply  burlap  and  pitch, 
15^  cts.  per  sq.  ft.,  including  a  10-year  guarantee. 
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MISCELLANEOUS  MATERIALS.— The  following  prices  are  for  small  lots,  f .o.b. 
Pittsburgh  (May,  1914). 

Chain. — Standard  chain,  -^  in.,  7^  cts.  per  lb.;  ^  in.,  3  cts.  per  lb.;  1  in.,  2.6  cts. 
per  lb.     For  BB  chain,  add  1|  cts.  per  lb.,  and  for  BBB  chain,  add  2  cts.  per  lb. 

Nails. — Base  price  of  nails,  S2.00  per  keg  of  100  lb. — 20d  to  60d  nails  are  base;  for 
lOd  to  16d,  add  5  cts  per  keg;  for  8d  and  9d,  add  10  cts.  per  keg;  for  6d  and  7d,  add 
20  cts.  per  keg;  for  4d  and  5d,  add  30  ots.  per  keg;  for  3d,  add  45  cts.  per  keg,  and  for 
2d,  add  70  cts.  per  keg. 

Gas  Pipe. — Gas  pipe  costs  about  as  follows: — Standard  gas  pipe  1  in.  diam.,  black, 
3j  cts.  per  ft.,  galvanized,  5  cts.  per  ft.;  2  in.  diam.,  black,  7^  cts.  per  ft.,  galvanized, 
11  cts.  per  ft.;  3  in.  diam.,  black,  16§  cts.  per  ft.,  galvanized,  23  cts.  per  ft. 

Steel  Railroad  Rails. — Bessemer  rails,  S28  per  gross  ton  (2,240  lb.);  open-hearth, 
S30  per  gross  ton. 

Wire  Rope. — The  cost  of  steel  wire  rope  is  about  as  follows: — |-in.  rope,  10  cts. 
per  lineal  ft.;  f^in.  rope,  13  cts.  per  lineal  ft.;  1-in.  rope,  20  cts.  per  lineal  ft.;  l^-in. 
rope,  45  cts.  per  lineal  ft. 

Manila  Rope. — Manila  rope  costs  about  12^  cts.  per  lb.  Sisal  rope  costs  about  9 
cts.  per  lb. 

HARDWARE  AND  MACfflNISTS'  SUPPLIES.— Prices  of  hardware  and 
machinists'  supplies  are  for  the  most  part  quoted  by  giving  a  discount  from  standard  list 
prices.  The  "Iron  Age  Standard  Hardware  Lists"  may  be  obtained  from  the  Iron 
Age  Book  Department,  239  W.  39th  St.,  New  York.  Discounts  from  these  standard 
lists  are  given  each  week  in  Iron  Age.  The  base  prices  of  structural  materials  are  given 
in  the  first  issue  of  each  month  of  Engineering  News-Record,  and  are  given  in  each 
issue  of  Iron  Age. 

ESTIMATE  OF  COST  OF  A  STEEL  FRAME  MILL  BUILDING.— An  estimate 
will  be  made  of  the  steel  frame  machine  shop  built  at  Nitro,  West  Virginia.  General 
plans  of  this  building  are  shown  in  Fig.  10,  Chapter  XXVI,  and  an  estimate  of  the 
weight  of  the  building  is  given  in  Table  III.  The  prices  are  based  on  the  conditions  in 
1918  when  the  building  was  constructed,  and  ar^  slightly  higher  than  prewar  prices. 

Estimate  of  Cost  of  Materials. — The  base  price  of  structural  steel  framework  will 
be  assumed  as  2.68  cts.  per  lb.  f.o.b.  shop;  shop  work  1.00  cts.  per  lb.;  and  freight 
from  shop  to  site  0.32  cts.  per  lb.  This  makes  the  total  cost  of  structural  steel  4.00  cts. 
per  lb.  f.o.b.  site.  Shop  cost  of  purlins  and  girts  will  be  taken  as  0.30  cts.  per  lb.,  and 
total  cost  of  purlins  and  girts  will  be  3.40  cts.  per  lb.,  f.o.b.  site.  Corrugated  steel  costs 
3.00  cts.  per  lb.  at  mill  and  .30  cts.  per  lb.  for  freight  from  mill  to  site,  makes  a  total 
cost  of  3.30  cts.  per  lb.,  f.o.b.  site. 

Steel  Frame  Building,  Cost  of  Materials. 

Structural  Steel,  206,700  lb @     4.00  cts.  =  $8,268.00 

Purlins  and  Girta,  94,800  lb @     3.40  cte.  =  3,223.20 

Corrugated  Steel,  59,332  lb @     3.30  eta.  =  1,957.96 

Glaas  Windows,  7,860  sq.  ft @    50      cts.  =  3,930.00 

Timber,  50,000  ft.  B.M @  S40.00         =  2,000.00 

Brick,  31,500 @  $15.00         =  472.50 

Paint,  200  gallons @  $  2.00         =  400.00 

Total  Cost  of  Materials $20,251.66 
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Steel  Frame  Building,  Cost  of  Erection. 

Structural  Steel,  150  tons @  $18.00    =  $2,700.00 

Corrugated  Steel,  Roof,  230  sqs @  $  2.00    =  460.00 

Side8,808q8 @  $  2.50    =  200.00 

Windows,  7,860  sq.  ft @    16  cts.  =  1,179.00 

Timber,  50,000  ft.  B.M @  $12.00    =  600.00 

Brickj  31,500 @  $10.00    =  315.00 

Painting 600.00 

Total  Co6t  of  Erection $6,054.00 

Foundations,  Cost  of. 

120  bbl.  Portland  Cement ®  $2.50  =  $300.00 

40  cu.  yd.  Sand @  $1.50  =      60.00 

70  cu.  yd.  Broken  Stone @  $2.00  =     140.00 

Mixing  and  Placing  80  cu.  yd.  concrete @  $2.50  »    200.00 

Total  Cost  of  Foundations $700.00 

Wood  Block  Floor,  Cost  of. 

2,200  sq.  yd.  wood  block @  $2.00  =  $4,400.00 

500  bbl.  Portland  Cement @  $2.50  =  1,250.00 

180  cu.  yd.  Sand @  $1.50  =  270.00 

340  cu.  yd.  Broken  Stone @  $2.00  =  680.00 

500  gal.  Tar  FiDer @  $  .25  =  125.00 

Grading  and  Filling 400.00 

Mixing  and  Placing  concrete,  370  cu.  yd ®  $2.00  =  740.00 

Laying  wood  block,  2,200  sq.  yd @  $  JJO  =  440.00 

Total  Cost  of  Floor $8,305.00 

Summary  of  Cost. 

Steel  Building,  Materials $20,251.66 

Cost  of  Erection 6,054.00 

Foundations 700.00 


r7,005.66 
Profit,  15  per  cent 4,050.84 

Total  Cost  of  Building  and  Foundations $31,055.50 

Cost  =  $1.51  per  sq.  ft. 

Cost  =  4.3  cts.  per  cu.  ft. 

Wood  Block  Floor,  2,200  sq.  yd $8,305.00 

Profit  10  per  cent 830.00 

$9,135.00 

Cost  of  Wood  Block $4.15  per  sq.  yd. 

Total  Cost  of  Building,  Complete $40,190.50 

Total  Cost  of  Building  Per  Sq.  Ft $2.01 

Total  Cost  of  Building  Per  Cu.  Ft 0.05 

REFERENCES.— For  detailed  estimates  of  steel  mill  buildings  and  additional  data 
on  the  cost  of  steel  structures,  see  the  author's  "Structural  Engineers'  Handbook." 
For  detailed  estimates  of  steel  highway  bridges  and  additional  data  on  the  cost  of  steel 
highway  bridges,  see  the  author's  "The  Design  of  Highway  Bridges."  For  data  on  the 
cost  of  retaining  walls,  bins  and  grain  elevators,  see  the  author's  "The  Design  of  Walls, 
Bins  and  Grain  Elevators."  For  data  on  the  cost  of  steel  head  frames,  coal  tipples, 
and  other  mine  structures,  see  the  author's  "The  Design  of  Mine  Structures.' 


t9 


APPENDIX  I. 
GENERAL  SPECIFICATIONS  FOR  STEEL  FRAME  BUILDINGS. 

BY 

MILO  S.  KETCHUM, 
M.  Am.  Soc.  C.  E. 

FOURTH   EDITION. 

Id2l. 

PART  I.    DESIGN. 

1.  Height  of  Building. — ^The  height  of  the  building  shall  be  the  distance  from  the  top  of  the 
masonry  to  the  under  side  of  the  bottom  chord  of  the  truss. 

2.  Dimensions  of  Building. — ^The  width  and  length  of  the  building  shall  be  the  extreme  dis- 
tance out  to  out  of  framing  or  sheathing. 

3.  Length  of  Span. — ^The  length  of  trusses  and  rarders  in  calculating  stresses  shall  be  con- 
sidered as  the  distance  from  center  to  center  of  end  bearings  when  supported,  and  from  end  to 
end  when  fastened  between  columns  by  connection  angles. 

4.  Pitch  of  Roof. — ^The  pitch  of  roof  for  corrugated  steel  shall  preferably  be  not  less  than 
i  (6  in.  in  12  in.),  and  in  no  case  less  than  i.  For  a  pitch  less  than  i  some  other  covering  than 
corrugated  steel  shall  be  used. 

5.  Spacing  of  Trusses. — ^Trusses  shall  be  spaced  so  that  simple  shapes  may  be  used  for 
purlins.  The  spacing  should  be  about  16  ft.  for  spans  of,  B&y,  50  ft.  and  about  20  to  22  ft.  for 
spans  of,  say,  100  ft.  For  longer  spans  than  100  ft.  the  purhns  may  be  trussed  and  the  spacing 
may  be  incr^used. 

6.  Spacing  of  Purlins. — Purlins  shall  be  spaced  not  to  exceed  4  ft.  9  in.  where  corrugated 
steel  is  used,  and  shall  preferably  be  placed  at  panel  points  of  the  trusses. 

7.  Form  of  Trusses. — ^The  trusses  shall  preferably  be  of  the  Fink  type  with  panels  so  sub- 
divided that  panel  points  will  come  under  the  purlins.  If  it  is  not  practicaole  to  place  the  purlins 
at  panel  points,  the  upper  chords  of  the  trusses  shall  be  designed  to  take  both  the  flexural  and 
direct  stresses.    Trusses  shall  preferably  be  riveted  trusses. 

Trusses  supported  on  masonry  walls  shall  have  one  end  supported  on  sliding  plates  for  spans 
up  to  70  ft.;  for  greater  lengths  of  span,  rollers  or  a  rocker  snail  be  used.  No  rollers  with  a 
diameter  less  than  4  in.  shall  oe  used. 

8.  Bracing. — ^Roof  trusses  supported  on  masonry  walls  or  on  columns,  and  transverse  bents 
shall  be  braced  in  pairs.  The  pairs  of  trusses  and  transverse  bents  shall  have  bracing  in  the  planes 
of  the  top  and  bottom  chords,  and,  unless  rigidly  braced  bv  other  means,  shall  have  transverse 
bracing  between  the  trusses  located  approximately  at  the  third  points  of  the  lower  chord.  The 
pairs  of  trusses  and  transverse  bents  snail  be  connected  by  rigid  bracing  in  the  plane  of  the  lower 
chords  in  line  with  the  lower  chords  of  the  transverse  bracing.  Steel  frame  buildings  without 
effective  knee  braces  shall  have  diagonal  bracing  extending  between  all  pairs  of  trusses  so  ar- 
ranged as  to  transmit  the  wind  loads  to  the  ends  of  the  building,  and  the  sides  and  the  end  bents 
shafi  be  braced  to  transmit  the  wind  loads. 

Bracing  in  the  plane  of  the  lower  chords  shall  be  stiff;  bracing  in  the  planes  of  the  top  chords, 
sides  and  ends  may  be  made  adjustable. 

9.  Field  Connections. — ^All  field  connections  of  the  steel  framework  shall  be  riveted,  except 
the  connections  of  purlins  and  girts,  which  may  be  field-bolted. 

10.  Proposals. — Contractors  in  submitting  proposals  shall  furnish  complete  stress  sheets, 
general  plans  of  the  proposed  structures  giving  sizes  of  material,  and  such  detail  drawings  as  will 
clearly  snow  the  dimensions  of  the  parts,  modes  of  construction  and  sectional  areas. 
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IL  Detail  Plans. — ^The  succeflsful  contractor  shall  furnish  all  working  drawings  required  by 
the  engineer  free  of  cost.  Working  drawings  shall,  as  far  as  possible,  be  made  on  standard  mxe 
sheets  24  in.  X  36  in.  out  to  out,  22  in.  X  34  in.  inside  the  inner  border  lines. 

12.  ApfKToyal  of  Plans. — No  work  shall  be  commenced  nor  materials  ordered  until  the  working 
drawings  are  approved  in  writing  by  the  engineer.  The  contractor  shall  be  responsible  for  dimen- 
sions and  details  on  the  working  plans,  ana  the  approval  of  the  detail  plans  by  the  engineer  shall 
not  relieve  the  contractor  of  this  responsibility. 

PART  II.    LOADS. 

13.  The  trusses  shall  be  designed  to  carry  the  following  loads: 

14.  DEAD  LOADS.  Weight  of  Trusses.— The  weight  of  trusses  per  sq.  ft.  of  horizontal 
projection,  up  to  150  ft.  span,  shall  be  calculated  by  the  formula 


45\        bVAf 


(1) 


where  W  »  weight  of  trusses  per  sq.  ft.  of  horizontal  projection; 

P.s  capacity  of  truss  in  pounds  per  sq.  ft.  of  horizontal  projection; 

L  »  span  of  the  truss  in  feet; 

A  B  (iistance  between  trusses  in  feet. 
15.  Weight  of  Covering.    Corrugated  Steel. — ^The  weight  of  coirugated  steel  shall  be  taken 
from  Table  I. 

TABLE  I. 
Weight  of  Flat,  and  Corrugated  Steel  Sheets  with  2i-iNCH  Corrugations. 


Gate  No. 

Thickness 

in 

inches. 

Weight  per  Square  (100  sq.  it.) 

Flat  Bheeta. 

Comisated  Sheets. 

Black. 

Galvanised. 

Black  Painted. 

Galvanised. 

l6 
l8 
20 
22 

24 
26 

28 

.0625 
.0500 

.0375 
.0313 

.0250 

.0188 

.0156 

250 
200 
ISO 

100 

11 

266 
216 
166 

141 
116 

79 

271 
217 
163 
136 
IIO 

83 

68 

286 

232 
178 

98 
8S 

When  two  corrugations  side  lap  and  six  in.  end  lap  are  used,  add  20  per  cent  to  the  above 
weights;  when  one  corrugation  side  lap  and  four  in.  end  lap  are  used,  add  15  per  cent  to  the  above 
weights  to  obtain  weight  of  corrugated  steel  laid.  For  paint  add  2  lb.  per  square.  The  wei^t 
of  covering  shall  be  reduced  to  weight  per  sq.  ft.  of  horizontal  projection  before  combining  with 
the  weight  of  trusses. 

16.  Slate. — Slate  laid  with  3  in.  lap  shall  be  taken  at  a  weight  of  7)  lb.  per  sq.  ft.  of  inclined 
roof  surface  for  A  in.  slate  6  in.  X  12  m.,  and  6|  lb.  per  sq.  ft.  of  inclined  roof  suiface  for  ^  in. 
slate  12  in.  X  24  in.,  and  proportional  for  other  sizes. 

17.  Tile. — ^Terra-cotta  tile  roofing  weighs  about  6  lb.  per  sq.  ft.  for  tile  1  in.  thick;  the  actual 
weight  of  tile  and  other  roof  coverings  not  named  shall  be  used. 

18.  Sheathing  and  Purlins. — Sheathing  of  dry  pine  lumber  shall  be  assumed  to  weigh  3  lb. 
per  ft.  and  dry  oak  purlins  4  lb.  per  ft.  board  measure. 

10.  Miscellaneous  Loads. — ^The  exact  weight  of  sheathing,  purlins,  bracing,  ventilators, 
cranes,  etc.,  shall  be  calculated. 

20.  SNOW  LOADS.— Snow  loads  shall  be  assumed  as  follows:— For  a  ktitude  of  40*"  the 
snow  load  in  lb.  per  sq.  ft.  of  horizontal  projection  shall  be;  for  roofs  with  }  pitch  (18^  150y  25  lb.; 
i  pitch  (2r  47'),  20  lb.;  1  pitch  (26*»  340, 15  lb.;  i  pitch  (33*  40')  and  over,  101b.  For  a  latitude 
of  50*  the  snow  load  in  lb.  per  sq.  ft.  of  horizontal  projection  shall  be;  for  roofs  with  i  pitch  and 
less,  50  lb.;  i  pitch,  40  lb.;  }  pitch,  30  lb.;  }  pitcn,  and  over  20  lb.  Snow  loads  for  other  lati- 
tudes shall  be  taken  proportional. 
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For  Pacific  coast  and  arid  regions,  use  one-half  of  the  snow  loads  above  specified. 

All  roofs  shall  be  assumed  to  carry  a  minimum  snow  load  or  ice  load  of  10  lb.  per  sq.  ft.  of 
horizontal  projection,  at  the  time  of  maximum  wind  load. 

2L  WIND  LOADS. — ^The  normal  wind  load  on  trusses  shall  be  computed  by  Duchemin's 
formula 

where  P»  =  normal  wind  pressure  per  sq.  ft.;   A  =  angle  of  roof  surface  with  horizontal,  and 
P  =  30  lb.  per  sq.  ft.;  except  for  exposed  locations  where  P  =  40  lb.  per  so.  ft.  shall  be  used. 
Normal  pressures  for  a  horizontal  wind  pressure  of  30  lb.  per  sq.  ft.  as  calculated  by  Duche- 
min's  formula  are  given  in  Table  ll. 

TABLE  II. 

Normal  Wind  Pressure  on  Roofs  for  Horizontal  Wind  Pressure  of  30  lb.  per  sq.  ft. 

BY  Duchemin's  Formula,  (2). 


Angle  of  Roof  with 

Uorixontal. 

A 

Normal  Pressure 
lb.  per  sq.  ft. 

Pn 

Angle  of  Roof  with 

Horisontal. 

A 

Normal  Pressure 

lb.  per  sq.  ft. 

Pn 

'5' 

i  pitch 

20*^ 

i  pitch 

10.2 

145 
17.2 

18.3 

20.0 

2f 
\  pitch 

K 
40° 

}  pitch 
5S*  to  90" 

21.6 
22.4 
24.0 
27.3 
28.3 
30.0 

The  sides  and  ends  of  buildings  shall  be  computed  for  a  normal  wind  load  of  20  lb.  per 
sq.  ft.  of  exposed  surface  for  buildings  30  ft.  and  less  to  the  eaves;  30  lb.  per  sq.  ft.  of  exposed 
surface  for  buildings  60  ft.  to  the  eaves,  and  in  proportion  for  intermediate  heights. 

22.  In  steel  n-ame  buildings  having  efficient  knee-braced  bents  and  also  so  braced  as  to 
transmit  wind  loads  through  the  planes  of  the  upper  and  lower  chords  and  sides  and  ends  as  in 
§  8,  the  wind  load  may  be  assumed  as  taken  equally  by  the  two  systems  of  bracing.  In  which 
case,  the  transverse  bents  may  be  designed  to  carry  one-half  the  wind  loads  specified  in  §  21. 

23.  The  wind  pressure  on  circula?  tanks  or  chimneys  shall  be  taken  as  20  lb.  per  sq.  ft.  on 
the  vertical  projection  of  the  surface. 

24.  Mine  Buildings. — Mine,  smelter  and  other  buildings  exposed  to  the  action  of  corrosive 
gases  shall  have  their  dead  loads  increased  25  per  cent. 

25.  Live  Loads. — Concentrated  loads  due  to  cranes,  shafting,  etc.,  shall  be  provided  for. 
In  addition  to  vertical  loads  due  to  cranes,  the  crane  girders  and  the  structure  shall  be  designed 
to  withstand  a  lateral  or  a  transverse  loading  each  equal  to  twenty  per  cent,  of  the  lifling 
capacity  of  the  crane,  divided  equally  between  all  the  wheeb  of  the  crane,  and  applied  in  the 
plane  of  the  center  of  gravity  of  the  top  of  the  flange  of  the  crane  girder. 

26.  PurUns. — Purlins  shall  be  designed  to  carry  the  actual  weight  of  the  covering,  roofing 
and  purlins,  but  shall  always  be  designed  for  a  normal  load  of  not  less  than  30  lb.  per  sq.  ft.,  §  57. 

27.  Girts. — Girts  shall  be  designed  for  a  normal  load  of  not  less  than  20  lb.  per  sq.  ft.,  §  57. 

28.  Roof  Covering. — ^Roof  covering  shall  be  designed  for  a  normal  load  of  not  less  than  30 
lb.  per  sq.  ft. 

29.  Minimnm  Loads. — No  roof  shall,  however,  be  designed  for  an  equivalent  load  of  less 
than  30  lb.  per  sq.  ft.  of  horizontal  projection. 

'   30.  Loads  on  Foundations. — ^The  loads  on  foimdations  shall  not  exceed  the  following  in 
tons  per  sq.  ft. : 

Ordinary  clay  and  dry  sand  mixed  with  clay 2 

Dry  sand  and  dry  clay 3 

Hard  clay  and  firm  coarse  sand 4 

Firm  coarse  sand  and  gravel 5 

Shale  rock 8 

Hard  rock 20 
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For  all  soils  inferior  to  the  above^such  as  loam,  etc.,  never  more  than  one  ton  per  8(|.  ft. 

31.  Stresses  in  Masonry. — ^The  allowable  stresses  in  masonry  when  used  in  walls  and 
foundations  shall  not  exceed  the  following: 

Tons  per  Sq.  Ft.        Lb.  per  8q.  In. 

Common  brick,  Portland  cement  mortar •  12  170 

Hard  burned  brick.  Portland  cement  mortar 15  ,          210 

Rubble  masonry,  Portland  cement  mortar 12  '           170 

First  class  masonry,  crystalline  sandstone  or  limestone 25  350 

First  class  masoniy,  granite 3D  420 

Portland  cement  concrete,  1-3-6 20  280 

Portland  cement  concrete,  1-2-4 30  420 

32.  Pressures  on  Masonry. — ^The  pressure  of  column  bases,  beams,  etc.,  on  masonry  shall 
not  exceed  the  following  in  pounds  per  sq.  in.: 

Brick  work  with  cement  mortar 250 

Rubble  masonry  with  cement  mortar 250 

Portland  cement  concrete.  1-2-4 600 

First  class  dimension  sandstone  or  limestone 400 

First  class  granite 600 

33.  Loads  on  Timber  Piles. — ^The  maximum  load  carried  by  a  pile  shall  not  exceed  40,000 
lb.,  or  600  lb.  per  sq.  in.  of  its  average  croesHsection.    The  allowable  load  on  piles  driven  with  a 

drop  hammer  shall  be  determined  by  the  formula  P  =      ,   ^  .    Where  P  «  safe  load  on  pfle 

in  tons;  W  »  weight  of  hammer  in  tons;  h  =  free  fall  of  hammer  in  ft.;  8  »  average  penetration 
for  the  last  six  blows  of  the  hammer  in  in.  Where  a  steam  hammer  is  used,  iV  i<B  to  be  used  in 
place  of  unity  in  the  denominator  of  the  right  hand  member  of  the  formula. 

Piles  shall  have  a  penetration  of  not  less  than  10  ft.  in  hard  material,  such  as  gravel,  and  not 
less  than  15  ft.  in  loam  or  soft  material. 

PART  IIL     ALLOWABLE  UNIT  STRESSES  AND  PROPORTION  OF  PARTS- 

34.  Allowable  Stresses. — In  proportioning  the  different  parts  of  the  structure  the  maximum 
stresses  due  to  the  combinations  of  the  dead  and  wind  load;  dead  and  snow  load;  or  dead,  mini- 
mum snow  and  wind  load  are  to  be  provided  for.  Concentrated  loads  where  they  occur  must  be 
provided  for. 

35.  Impact — For  structures  carrying  cranes  and  traveling  machinery,  25  per  cent  shall  be 
added  to  provide  for  the  effect  of  vibration  and  impact. 

36.  Compressiye  Stress. — Allowable  Unit  Compressive  Stress  for  Structural  Steel.  For 
direct  dead,  snow  and  wind  loads 

S  =  16,000  -  70-^ 

r 

where  S  «  allowable  unit  stress  in  lb.  per  sq.  in.; 

I  —  length  of  member  in  inches  c.  to  c.  of  end  connections; 
r  —  least  radius  of  gyration  of  the  member  in  inches. 
The  maximum  value  of  S  shall  be  14,000  lb.  per  sq.  in. 

37.  Tensile  Stress. — Allowable  Unit  Tensile  Stresses  for  Structural  Steel.  For  direct  dead, 
snow  and  wind  loads. 

Lb.  per  8q.  In. 

Shapes,  main  members,  net  section 16,000 

Bars 16,000 

Bottom  flanges  of  rolled  beams 16,000 

Shapes,  laterals,  net  section 20,000 

Steel  bars  for  laterals 20,000 

38.  Bending. — Bending;  on  extreme  fibers  of  rolled  shapes,  built  sections  and  girders; 

net  section 16,000 

on  cast  iron 3,000 

on  extreme  fibers  of  pins 24,000 

39.  Shearing. — Shearing;  shop  driven  rivets  and  pins 12,000 

field  driven  rivets  and  turned  bolts 10,000 

plate  girder  webs;  net  section 10,000 

cast  iron 1,500 
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40.  Beftring. — Bearing;  shop  driven  rivets  and  pins 24,000 

field  driven  rivets  ana  turned  bolts 20,000 

cast  iron 12,000 

granite  masonry  and  Portland  cement  concrete 600 

sandstone  and  limestone 400 

expansion  roUers;  per  lineal  inch 600e2 

cast  iron  expansion  rockers;  per  lineal  inch 200d 

where  "d"  ib  the  diameter  of  the  roller  or  rocker  in  inches. 

Rivets  shall  not  be  used  in  direct  tension,  except  for  lateral  bracing  where  unavoidable;  in 
which  case  the  value  for  direct  tension  on  the  rivet  shall  be  taken  the  same  as  for  single  shc^r. 
Field  bolts,  when  allowed,  shall  be  spaced  for  stresses  two-thirds  those  allowed  for  field  rivets. 

41.  Maximum  Length  of  Comiuression  Members. — No  compression  member  shall  have  a 
length  exceeding  125  times  its  least  radius  of  gyration  for  main  members,  nor  150  times  its  least 
radius  of  gyration  for  laterals  and  sub^members.  The  length  of  a  main  tension  member  in  which 
the  stress  is  reversed  by  wind  shall  not  exceed  150  times  its  least  radius  of  gyration. 

42.  Maximum  Length  of  Tension  Members. — ^The  length  of  riveted  tension  members  in 
horizontal  or  inclined  position  shall  not  exceed  200  times  their  radius  of  gyration  except  for  wind 
bracing,  which  members  mav  have  a  length  equal  to  250  times  the  least  radius  of  ^rration.  The 
distance  center  to  center  of  end  connections  of  the  member  is  to  be  considered  the  effective 
length. 

43.  Alternate  Stress. — Members  and  connections  subject  to  alternate  stresses  shall  be 
designed  to  take  each  kind  of  stress. 

44.  Combined  Stress. — Members  subject  to  combined  direct  and  bending  stresses  shall  be 
proportioned  according  to  the  following  formula: 

^      P    ,      M'C 

=*=  lOE 

where  S  »  stress  in  lb.  per  sq.  in.  in  extreme  fiber; 
P  =  direct  load  in  lb.; 
A  »  area  of  member  in  sc[.  in.; 
M  s  bending  moment  in  m.-lb.; 

c  —  distance  from  neutral  axis  to  extreme  fiber  in  inches; 

/  »  moment  of  inertia  of  member; 

I  —  length  of  member,  or  distance  from  point  of  zero  moment  to  end  of  member  in  inches; 
E  =«  modulus  of  elasticity  =  30,000,000  lb.  per  sq.  in. 

When  combined  direct  and  flexural  stress  due  to  wind  is  considered,  50  per  cent  may  be 
added  to  the  above  allowable  tensile  and  compressive  stresses. 

When  the  combined  stress  due  to  oblique  loading  of  purlins  and  girts  is  considered,  25  per 
cent  may  be  added  to  allowable  stresses. 

45.  Stress  Due  to  Weight  of  Member. — ^Where  the  stress  due  to  the  weight  of  the  member  or 
due  to  an  eccentric  load  exceeds  the  allowable  stress  for  direct  loads  by  more  than  10  per  cent,  the 
section  shall  be  increased  until  the  total  stress  does  not  exceed  the  above  allowable  stress  for 
direct  loads  by  more  than  10  per  cent. 

46.  Angles  in  Tension. — ^When  single-angle  members  subject  to  direct  tension  are  fastened  by 
one  leg,  only  seventy-five  per  cent  of  the  net  area  shall  be  considered  efifective.  Angles  with  lug 
angle  connections  ^all  not  be  considered  as  fastened  by  both  legs. 

47.  Net  Section. — ^In  members  subject  to  tensile  stresses  full  allowance  shall  be  made  for 
reduction  of  section  by  rivet-holes,  screw-threads,  etc.  In  calculating  net  area  the  rivet-holes 
shall  be  taken  as  having  a  diameter  \  in.  greater  than  the  normal  size  of  rivet. 

The  net  section  of  riveted  members  shall  be  the  least  area  which  can  be  obtained  by  deducting 
from  the  gross  sectional  area  the  areas  of  holes  cut  by  any  plane  perpendicular  to  the  axis  of  the 
member  and  parts  of  the  areas  of  other  holes  on  one  side  of  the  plane,  within  a  distance  of  4  inches, 
and  which  are  on  other  gage  lines  than  those  of  the  holes  cut  by  the  plane,  the  parts  being  deter- 
mined by  the  formula: 

A(l  -  p/4), 
in  which  A  »  the  area  of  the  hole,  and 

p  —  the  distance  in  inches  of  the  center  of  the  hole  from  the  plane. 
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48.  Minimiiin  Sections. — ^The  minimTim  thickness  of  plates  shall  be  one-<iuarter  (}}  in.,  ex- 
cept for  fiUers.  Minimum  angles  shall  be  2  in.  by  2  in.  by  i  in.  The  webs  of  channels  shall 
have  a  minimum  thickness  of  0.18  in.  The  minimum  thickness  of  connection  plates  of  trusses 
shall  be  three-eighths  ( |)  in.  Tlie  minimum  thickness  of  metal  in  base  plates  of  columns  shall 
be  five-eighths  ( f)  in.  The  minimum  thickness  of  metal  in  head  frames,  rock  houses,  coal  tip- 
ples, washers  and  breakers  shall  be  five-sixteenths  (fg)  in.  except  for  fillers.  No  upset  rods,  except 
sag  rods,  may  be  less  than  five-eighths  (f)  in.  in  diameter,  nag  rods  may  be  as  small  as  one-hiuf 
(})   in.  if  the  ends  are  properly  upset. 

49.  Initial  Stress. — Laterals  shall  be  designed  for  the  maximum  stresses  due  to  5,000  pounds 
initial  tension  and  the  maximum  stress  due  to  wind. 

50.  Design  of  Plate  Girders. — ^Plate  girders  shall  be  proportioned  either  by  the  moment  of 
inertia  of  their  net  section;  or  by  assuming  that  the  flanges  are  concentrated  at  their  centers  of 
gravity,  in  which  case  one-eighth  of  the  gross  section  of  the  web,  if  properly  spliced,  may  be  used 
as  flange  section.  The  thickness  of  web  plates  shall  be  not  less  than  -f^  in.,  nor  less  than  1/160  of 
the  unsupported  distance  between  flange  angles. 

51.  Compression  Flanges. — Compression  flanges  of  plate  girders  shall  have  at  least  the  same 
sectional  area  as  the  tension  flanges,  and  shall  not  have  a  stress  per  s^.  in.  on  the  gross  area  greater 
than  16,000  —  150  Z/&,  where  I  »  unsupported  distance,  and  6  »  width  of  flange,  both  in  inches. 
Compression  flanges  of  plate  girders  shall  be  stayed  transversely  when  their  length  is  more  than 
thirty  times  their  width. 

52.  Web  Stiffeners. — There  shall  be  web  stiffeners,  generally  in  pairs,  over  bearings,  at  points 
of  concentrated  loading,  and  at  other  points  where  the  thickness  of  tne  web  is  less  than  ^  of  the 
unsupported  distance  oet ween  flange  angles.  The  distance  between  stififeners  shall  not  exceed 
that  given  by  the  following  formula,  with  a  maximum  Umit  of  six  feet  (and  not  greater  than  the 
clear  depth  of  the  web):  d  =  t  (12,(X)0  —  s)/40.  Where  d  =  clear  distance  between  stiffeners  of 
flange  anglesj  /  =  thickness  of  webj  8  —  shear  in  lb.  per  sq.  in. 

The  stififeners  at  ends  and  at  points  of  concentrated  loads  shall  be  proportioned  by  the  formula 
of  paragraph  36,  the  efifective  length  being  assumed  as  one-half  the  depth  of  girder.  End  stififeners 
and  those  under  concentrated  loads  shall  be  on  fillers  and  have  their  outstanding  legs  as  wide  aa 
the  flange  angles  will  allow  and  shall  fit  tightly  a^inst  them.  Intermediate  stififeners  may  be 
ofifset  or  on  fillers,  and  their  outstanding  legs  shall  oe  not  less  than  one-thirtieth  of  the  depth  of 
girder,  plus  2  in. 

53.  Flange  Rivets. — ^The  flanges  of  plate  girders  shall  be  connected  to  the  web  with  a  sufficient 
number  of  rivets  to  transfer  the  total  shear  at  any  point  in  a  distance  equal  to  the  efifective  depth 
of  the  girder  at  that  point  combined  with  any  load  that  is  applied  directly  on  the  flan»5.  The 
wheel  loads  of  crane  girders  shall  be  assumed  to  be  distributed  over  25  inches.  The  coefficient  of 
friction  of  crane  girder  wheels  on  steel  rails  shall  be  taken  as  0.20. 

54.  Rolled  Beams. — Rolled  beams  shall  be  proportioned  by  their  moment  of  inertia.  The 
depth  of  roUcd  beams  in  floors  shall  not  be  less  than  one-twentieth  (A)  of  the  span.  Where 
rolled  beams  or  channels  are  used  as  roof  purlins  the  depths  shall  not  oe  less  than  one-fortieth 
(tV)  of  the  span.  Wlien  the  unsupported  length  of  rolled  beams  when  used  as  girders  exceeds 
20  times  the  width  of  flange,  6,  the  unit  stress  in  the  flange  shall  not  exceed  16,000  —  150  l/b  lb. 

55.  Timber. — ^The  allowable  stresses  in  timber  purlins  and  other  timber  shall  be  taken  from 
Table  III. 

TABLE  III. 
Allowable  Working  Unit  Stresses  in  Timber,  in  Pounds  per  Square  Inch. 


Kind  of  Timber. 


White  Oak 

Long  Leaf  Yellow  Pine 
White  Pine  and  Spruce 

Western  Hemlock 

Douglas  Fir 


TntDBveroe 
Loading, 

s. 

End 

Bear- 

ing,  C 

Columns 
Under  12 
Diameters 

Bearing 
Across 
Fiber. 

Shear. 

Parallel 
to  Grain. 

Longjtu- 
dinol  Sheoi 
in  Beams. 

Modulus  of 

Elasticity, 

B. 

1,500 

1,500 

l,200 

1,400 
1,500 

1,500 
1,500 
1,200 
1,500 
1,500 

1,200 
1,200 
960 
1,200 
1,200 

600 

350 
200 
300 
400 

260 
220 

200 
210 

140 

150 

90 
125 
140 

1,200,000 
1,500,000 
1,200,000 
1,500,000 
1,200,000 

Colunuis  may  be  used  with  a  length  not  exceeding  40  times  the  least  dimension.    The  unit 
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stress  for  lengths  of  more  than  12  times  the  least  dimension  shall  be  reduced  by  the  following 
formula: 

where  C  =  unit  stress,  as  given  above  for  end  bearing; 
P  »  allowable  unit  stress  in  lb.  per  sq.  in. ; 
I  —  length  of  column  in  inches; 
d  ==  least  side  of  column  in  inches. 

PART  IV.     COVERING  AND  FLOORS. 

56.  Com^ted  Steel.-;-Corrugated  steel  shall  generally  have-2i  in.  corrugations  when  used 
for  roof  and  sides  of  buildings,  and  li  in.  corrugations  when  used  for  lining  buildings.  The 
minimum  gage  of  corrugated  steel  shall  be  No.  22  for  roofs,  No.  24  for  sides,  and  No.  26  for  lining. 

The  gage  of  corrugated  steel  in  U.  S.  standard  gage  and  weight  per  sq.  ft.  shall  be  shown 
on  the  general  plan. 

67.  Spacing  of  Purlins  and  Girts. — ^The  spacing,  or  center  to  center  distance  of  purlins 
carrying  a  corrugated  isteel  roof  without  sheathing,  shall  not  exceed  the  distances  given  in  Table 
IV  for  a  safe  load  of  30  lb.  per  sq.  ft.  Girts  for  corrugated  steel  shall  be  spaced  for  a  safe  load  of  20 
lb.  per  sq.  ft.  as  given  in  Table  IV.  Corrugated  steel  sheets  shall  preferably  span  two  purlin  or 
girt  spaces.  When  sag  rods  are  provided  as  in  §  58  and  §  59,  purlins  and  girts  shall  be  designed 
to  carry  the  normal  loads  with  a  maximum  unit  stress  of  16,000  lb.  per  st].  in. 

TABLE  IV. 
Maximum  Spacing  for  Purlins  and  Girts  Supporting  Corrugated  Steel. 


Gage  of 

Steel, 

No. 

Spacing  of  Purlins  and  Girts. 

Purlins, 
30Ib.  per  sq.ft. 

Girts, 
201b.  per  sq.ft. 

l6 
l8 
20 
22 

H 

5  ft.  8  in. 
5  ft.  2  in. 
4  ft.  6  in. 
4  ft.  2  in. 
3  ft.  8  in. 

6  ft.  9  in. 
6  ft.  2  in. 
5  ft.  4  in. 
S  ft.  o  in. 
4  ft.  6  in. 

58.  Sag  Rods. — ^With  a  steel  corrugated  roof  one  sag  rod,  at  the  center,  shall  be  used  for 
purlin  spans  of  20  ft.  or  less,  and  two  sag  rods,  spaced  at  the  third  points,  for  purlin  spans  of 
more  than  20  ft.  With  clay  tile,  cement  tile,  slate,  g>'psum,  or  similar  roofs,  one  siog  rod  shall  be 
used  for  purlin  spans  of  14  ft.  or  less,  and  two  sag  rods  spaced  at  the  third  points,  for  spans  of  more 
than  14  ft.  Where  one  sag  rod  is  used,  the  sag  rod  on  each  side  of  the  roof  in  any  panel  shall  be 
rigidly  connected  through  the  ridge  purlins.  Where  two  sag  rods  are  used  in  any  panel,  each  sag 
r(3  shall  be  rigidly  connected  with  the  peak  of  the  nearest  truss  by  means  of  a  diagonal  sag  rod 
in  the  upper  purlin  space.  Sae  rods  need  not  be  used  in  roofs  having  a  slope  of  3  in.  in  12  in.,  or 
less.  With  corrugated  steel  siding,  one  sag  rod  shall  be  used  for  aU  girt  spacings  of  20  ft.  or  less, 
and  two.  sag  rods  spaced  at  third  points  for  girt  spacings  of  more  than  20  ft. 

59.  Sag  rods  shall  be  designed  to  carry  the  component  of  the  dead  load  of  the  purlins  and 
roof  covering  and  the  maximum  snow  load  parallel  to  the  roof  surface,  with  a  unit  stress  of  16,000 
lb.  per  sq.  in.  on  net  section.  Sag  rods  for  the  sides  shall  be  designed  to  carry  the  weight  of  the 
side  framing  and  covering  with  the  same  allowable  unit  stresses  as  for  sag  rods  for  purlins.  If  sag 
rods  are  not  upset  the  net  section  shall  be  taken  as  the  section  having  a  diameter  i  in.  less  than 
the  diameter  of  the  root  of  the  thread.  The  minimum  size  of  sag  rods  shall  have  a  diameter  of 
i  in.  if  the  ends  are  upset,  or  f  in.  if  the  ends  are  not  upset. 

60.  End  and  Side  Laps. — Corrugated  steel  shall  be  laid  with  two  corrugations  side  lap  and 
six  inches  end  lap  when  used  for  roofing,  and  one  corrugation  side  lap  and  four  inches  end  lap 
when  used  for  sioing. 

61.  Fastening. — Corrugated  steel  shall  be  fastened  to  the  purlins  and  girts  by  means  of 
galvanized  iron  straps  }  in.  wide  by  No.  18  gage,  spaced  8  to  12  in.  apart;  by  clinch  nails  spaced 
8  to  12  in.  apart;  or  by  nailing  directly  to  spiking  strips  with  8d  barbed  nails,  spaced  8  in.  apart. 
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Spiking  strips  shall  preferably  be  used  with  anti-condensation  linins.  Bolts,  nails  and  rivets 
shall  always  pass  through  the  top  of  corrugations.  Side  laps  shall  be  riveted  with  copper  or 
galvanized  iron  rivets  8  to  12  in.  apart  on  the  roof  and  1 1  to  2  ft.  apart  on  the  sides. 

62.  Corrugated  Steel  Lining. — Corrugated  steel  lining  on  the  sides  shall  be  laid  with  one 
vorrugation  side  lap  and  four  in.  end  lap.  Girts  for  corrugated  steel  lining  shall  be  spaced  for  a 
safe  load  of  20  lb.  per  sq.  ft.  as  given  in  Table  IV. 

63.  Anti-Condensation  Lining. — Anti-condensation  roof  lining  shall  be  used  to  prevent 
dripping  in  engine  houses  and  similar  buildingSi  and  shall  be  constructed  as  foUows: — (1)  Lay  wire 
netting.  No.  19,  2-in.  mesh,  transversely  to  the  purlins,  with  edges  1}  in.  apart,  so  that  when  laced 
together  with  No.  20  brass  wire  the  netting  will  be  stretched  smooth  and  tight. 

(2)  On  the  top  of  the  netting  lay  asb^tos  paper  weighing  30  lb.  to  the  square  of  100  sq.  ft., 
allowing  3  in.  for  laps.  For  important  work  lay  one  or  two  thicknesses  of  bunding  paper  on  top 
of  the  asbestos. 

(3)  Lay  the  corrugated  steel  and  fasten  to  purlins  in  the  usual  manner. 

If  wood  purlins  are  used  the  wire  netting  may  be  fastened  to  the  nailing  strip  swith  }  in. 
staples.  Where  the  purlins  are  more  than  2  ft.  6  in.  centers  place  a  line  of  -fg  in.  oolts  between 
purlins,  about  2  ft.  centers,  with  washers  1  in.  X  4  in.  X  i  in.  to  prevent  netting  from  sagging. 

64.  Flashing. — yalleys  or  comers  around  stacks  shall  have  flashing  extending  at  least  12  in. 
above  where  water  will  stand,  and  shall  be  riveted  or  soldered,  if  necessary,  to  prevent  leakage. 

Flashing  shall  be  provided  above  doors  and  windows.  Flashing  shall  oe  made  of  steel  not 
lighter  than  No.  20  gage. 

65.  Ridge  Roll. — ^All  ridges  shall  have  a  ridge  roll,  the  same  thickness  as  the  corrugated  steel, 
securely  fastened  to  the  corrugated  steel. 

66.  Comer  Finish. — ^All  comers  shall  be  covered  with  standard  comer  finish,  the  same  thick- 
ness as  the  corrugated  steel,  securely  fastened  to  the  corrugated  steel. 

67.  Cornice. — ^At  the  gable  ends  the  corrugated  steel  on  the  roof  shall  be  securely  fastened 
to  a  finish  angle  or  channel  connected  to  the  end  of  the  purlins,  or,  where  molded  cornices  are  used, 
to  a  piece  of  timber  fastened  to  the  ends  of  the  purlins.  Cornice  shall  be  made  of  steel  not  lighter 
than  No.  20  gage. 

68.  Gutters  and  Conductors. — Gutters  and  conductors  shall  be  fumished  at  least  equal  to 
the  requirements  of  the  following  table: 

Span  of  Roof.  Gutter.                                                Conductor. 

Up     to    50  ft.  6  in.  4  in.  every  40  ft. 

50  ft.  to    70  ft.  7  in.  5  in.  every  40  ft. 

70  ft.  to  100  ft.  8  in.  5  in.  every  40  ft. 

Gutters  shall  have  a  slope  of  at  least  1  in.  in  15  ft.  Gutters  and  conductors  shall  be  made 
of  galvanized  steel  not  lighter  than  No.  20  gage. 

69.  Ventilators. — Ventilators  shall  be  provided  and  located  so  as  to  properly  ventilate  the 
building.  They  shall  have  a  net  opening  for  each  100  sq.  ft.  of  floor  space  as  follows:  not  less 
than  one-fourth  sq.  ft.  for  clean  machine  shops  and  similar  buildings;  not  less  than  one  sq.  ft. 
for  dirty  machine  shops;  not  less  than  four  sq.  ft.  for  mills;  and  not  less  than  six  sq.  ft.  for  forge 
shops,  foundries  and  smelters. 

70.  Shutters  and  Louvres. — Openings  in  ventilators  shall  be  provided  with  shutters,  sash, 
or  louvres,  or  may  be  left  open  as  specified. 

Shutters  must  be  provided  with  a  satisfa'^tory  device  for  opening  and  closing. 

Louvres  must  be  designed  to  prevent  the  blowing  in  of  rain  and  snow,  and  must  be  made 
stiff  80  that  no  appreciable  sagging  will  occur.  They  snail  be  made  of  not  less  than  No.  20  gage 
galvanized  steel  tor  flat  louvres,  and  No.  24  gage  galvanized  steel  for  cormgated  louvres. 

71.  Circular  Ventilators. — Circular  ventilators,  when  used,  must  be  designed  so  as  to  prevent 
down  drafts.     Net  opening  only  shall  be  used  in  calculations. 

72.  Windows  and  Skylights. — Where  buildings  are  lighted  by  windows  the  clear  window 
area  shall  not  be  less  than  20  per  cent  of  the  floor  area,  nor  less  than  10  per  cent  of  the  area  of  Uie 
entire  exterior  surface  in  mill  ouildings,  nor  less  than  20  per  cent  of  the  area  of  the  entire  exterior 
surface  in  machine  shops,  factories  and  other  buildings  in  which  men  are  required  to  work  at 
machines.  Skylights  shall  be  used  where  the  required  window  area  cannot  be  provided  in  the 
sides  and  ends  of  buildings. 

Where  buildings  are  lighted  by  windows  having  the  siUs  not  more  than  4  ft.  above  the  floor, 
the  span  of  the  building  shall  not  exceed  2  times  the  height  of  the  top  of  the  windows  where  buildings 
are  lighted  by  windows  in  one  side,  or  4  times  the  height  of  the  top  of  the  windows  where  buildings 
are  lighted  by  windows  in  both  sides.    Where  the  span  of  the  building  is  greater  than  is  permitted 
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by  the  preceding  requirement,  the  necessary  illumination  shall  be  provided  either  by  prism  glass 
in  side  walk  or  by  skylights.  Skylights  shall  have  such  an  area  and  shall  be  so  arranj^ed  that 
li^t  coming  throu^  the  skylight  making  an  angle  of  not  more  than  45^  with  the  vertical  dial) 
cover  the  entire  horizontal  area  at  a  distance  of  6  feet  above  the  floor;  or  the  light  may  be  diffused 
by  means  of  ribbed  glass  or  prisms  or  by  reflection  from  the  ceiling  to  obtain  equally  satisfactory 
illumination.  In  saw  tooth  roofs  the  inner  surface  of  the  roof  shall  be  light  colored  or  shall  be 
painted  with  a  paint  that  will  reflect  the  light  and  make  the  illumination  uniform  and  effective. 
All  windows  or  dcylights  admitting  direct  sunlight  shall  be  provided  with  muslin  or  other  satis- 
factory shades. 

73.  Skylights. — Skylights  shall  be  glazed  with  wire  glass,  or  wire  netting  shall  be  stretched 
beneath  the  skylights  to  prevent  the  broken  glass  from  falling  into  the  building.  Where  there  is 
danger  of  the  delight  glass  being  broken  by  objects  falling  on  it,  a  wire  netting  guard  shall  be 
provided  on  the  outside. 

Skylight  glass  shall  be  carefully  set,  special  care  being  used  to  prevent  leakage.  Leakage 
and  condensation  on  the  inner  surface  of  the  glass  shall  be  carried  to  the  down-spouts,  or  outside 
the  building  by  condensation  gutters. 

74.  Wood  Sash. — Window  glass  set  in  wood  sash  up  to  12  in.  X  14  in.  may  be  sinde  strength, 
over  12  in.  X  14  in.  the  glass  shall  be  double  strength.  Window  glass  shall  be  A  grade  except  in 
smelters,  foundries,  forge  shops  and  similar  structures,  where  it  may  be  B  grade.  The  sash  and 
frames  shall  be  constructed  of  white  pine.  Where  buildings  are  exposed  to  fire  hazard  the  windows 
shall  have  wire  glass  set  in  metal  sash  and  frames. 

Windows  with  wood  sash  in  sides  of  buildings  shall  be  made  with  counter-balanced  sash,  and 
in  ventilators  shall  be  made  with  sliding  or  swing  sash.  All  swinging  windows  shall  be  provided 
with  a  satisfactory  operating  device. 

75.  Wire  Glass. — ^Wire  glass  shall  have  a  thickness  of  not  less  than  }  in.  The  wire  mesh 
shall  be  not  larger  than  {in.,  and  the  thickness  of  the  wire  shall  not  be  less  than  No.  24  B.  &  S. 
gage  for  single  wire,  or  .No.  27  B.  &  S.  gage  for  twisted  double  wire.  The  wire  ^all  be  practically 
midway  between  the  two  surfaces  of  glass.  Lights  shall  not  have  a  greater  area  than  720  sq.  in., 
or  more  than  54  in.  vertical  and  48  in.  horizontal.  Lights  of  glass  shall  preferably  be  12  in.  by 
18  in.  or  14  in.  by  20  in.  The  selvage  shall  be  removed  from  the  glass  before  setting.  The 
bearing  of  glass  in  grooves  shall  not  be  less  than  |  in.  at  all  points,  and  there  shall  be  a  clearance  of 
i  in.  l^tween  the  edge  of  the  glass  and  the  frame. 

76.  Steel  Sash. — Steel  sash  shall  be  made  with  solid  sections.  The  maximum  size  of  steel 
sash  shall  be  100  sq.  ft.  where  no  ventilators  are  used,  and  70  sq.  ft.  where  ventilators  occupy  two- 
thirds  of  the  window  area  and  proportional  for  intermediate  amount  of  ventilators.  Steel  sash 
shall  be  glazed  with  special  glazing  clips  and  with  glazing  putty.  All  sash  shall  be  provided  with 
locking  devices,  and  other  hardware  as  specified. 

77.  Doors. — Doors  are  to  be  furnished  as  specified  and  are  to  be  provided  with  hinges,  tracks, 
locks,  and  bolts.  Single  doors  up  to  4  ft.  and  double  doors  up  to  8  ft.  shall  preferably  be  swung 
on  hinges;  large  doors,  double  and  single,  shall  be  arranged  to  slide  on  overhead  tracks,  or  may 
be  counterbalanced  to  lift  up  between  vertical  guides. 

Steel  doors  shall  be  firml3r  braced.  Unless  otherwise  specified,  steel  doors  shall  be  covered 
with  No.  24  corrugated  steel  with  IJ  in.  corrugations. 

Tlie  frames  of  sandwich  doors  ^all  be  made  of  two  layers  of  }  in.  matched  white  pine,  placed 
diagonally  and  firmly  nailed  with  clinch  nails.  The  frame  shall  be  covered  on  each  side  with  a 
layer  of  No.  24  corrugated  steel  with  1^  in.  corrugations.  Locks  and  all  other  necessary  hardware 
shall  be  furnished  for  all  windows  and  doors. 

78.  TAR  AND  GRAVEL  ROOF. — ^Tar  and  gravel  roofs  are  called  three-,  four-,  five-ply, 
etc.  depending  upon  the  number  of  layers  of  roofing  felt.  Tar  and  gravel  roofs  may  be  laid  upon 
tiin{>er  sheathing  or  upon  concrete  or  gypsum  slabs. 

79.  Specifications  for  Five-Ply  Tar  and  Gravel  Roof  on  Board  Sheathing. — ^The  materials 
used  in' making  the  roof  are  one  (1)  thickness  of  sheathing  paper  or  unsaturated  felt,  five  (5) 
thicknesses  of  saturated  felt  weighing  not  less  than  fifteen  (15)  pounds  per  square  of  one  hundred 
(100)  square  feet,  single  thickness,  and  not  less  than  one  hundred  and  fifty  (150)  pounds  of  pitch, 
and  not  less  than  four  hundred  (400)  pounds  of  gravel  or  three  hundred  (300)  p)0unds  of  slag  from 
1  to  i  in.  in  size,  free  from  dirt,  per  square  of  one  hundred  (100)  square  feet  of  completed  roof. 

80.  The  material  shall  be  applied  as  follows:  First,  lay  the  sheathing  or  unsaturated  felt, 
lapping' each  sheet  one  inch  over  the  preceding  one.  Second,  lay  two  (2)  thicknesses  of  tarred 
felt  lapping  each  sheet  seventeen  (17)  inches  over  the  preceding  one,  nailing  as  often  as  may  be 
necessary  to  hold  the  sheets  in  place  until  the  remaining  felt  is  applied.  Third,  coat  the  entire 
surface  of  this  two-ply  layer  with  hot  pitch,  mopped  on  uniformly.  Fourth,  apply  three  (3) 
thicknesses  of  felt,  lapping  each  sheet  twenty-two  (22)  inches  over  the  preceding  one,  mopping 
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with  hot  pitch  the  full  width  of  the  22  inches  between  the  plies,  so  that  in  no  case  shall  felt  touch 
felt.  Such  nailing  as  is  necessary  shall  be  done  so  that  all  nails  will  be  covered  by  not  less  than 
two  plies  of  felt.  Fifth,  spread  over  the  entire  surface  of  the  roof  a  uniform  coating  of  pitch,  into 
which,  while  hot,  imbed  the  gravel  or  slag.    The  gravel  or  slag  in  all  cases  must  be  dry. 

81.  Specifications  for  Five-Ply  Tar  and  Gravel  Roof  on  Concrete  Sheathing. — ^The  materials 
used  shall  be  the  same  as  for  tar  and  gravel  roof  on  timber  sheaUng,  except  that  the  one  thickness 
of  sheathing  paper  or  unsaturated  felt  may  be  omitted. 

82.  The  materials  shall  be  applied  as  follows:  First,  coat  the  concrete  with  hot  pitch,  mopped 
on  uniformly.  Second,  lay  two  (2)  thicknesses  of  tarred  felt,  lapping  each  sheet  seventeen  (17) 
inches  over  the  preceding  one,  and  mop  with  hot  pitch  the  full  width  of  the  17-inch  lap,  so  that 
in  no  case  shall  felt  touch  felt.  Third,  coat  the  entire  surface  with  hot  pitch,  mopped  on  uniformly. 
Fourth,  lay  three  (3)  thicknesses  of  felt,  lapping  each  sheet  twenty-two  (22)  inches  over  the 
preceding  one,  mopping  with  hot  pitch  the  full  width  of  the  22-inch  lap  between  the  plies,  so  that 
m  no  rase  shall  felt  touch  felt.  Fifth,  spread  the  entire  surface  of  the  roof  with  a  uniform  coat 
of  pitch,  into  which,  while  hot,  imbed  gmvel  or  slag. 

Tar  and  gravel  roof  shall  be  laid  on  gypsum  sheathing  in  the  same  manner  as  on  concrete 
sheat  hing. 

83.  SPECIFICATIONS  FOR  CEMENT  FLOOR  ON  A  CONCRETE  BASE.    Materials.— 

The  cement  used  shall  be  first-class  Portland  cement,  and  shall  pass  the  standards  of  the  American 
Society  for  Testing  Materials.  The  sand  for  the  top  finish  shall  be  clean  and  sharp  and  shall  be 
retained  on  a  No.  30  sieve  and  shall  have  passed  the  No.  20  sieve.  Broken  stone  for  the  top  finish 
shall  pass  a  }  in.  screen  and  shall  be  retained  on  the  No.  20  screen.  Dust  shall  be  excluded.  The 
sand  for  the  base  shall  be  clean  and  sharp.  The  aggregate  for  the  base  shall  be  of  broken  stone  or 
gravel  and  shall  pass  a  2  in.  ring. 

84.  Base. — On  a  thoroughly  tamped  and  compacted  subgrade  the  concrete  for  the  base  shaU 
be  laid  and  thoroughly  tamped.  The  base  shall  not  be  less  than  2}  in.  thick.  Concrete  for  the 
base  shall  be  thoroughly  mixed  with  sufficient  water  so  that  some  tamping  is  reauired  to  bring  the 
moisture  to  the  surface.  If  old  concrete  is  used  for  the  base  the  surface  shall  be  roughened  and 
thoroughly  cleaned  so  that  the  new  mortar  will  adhere.  The  roughened  surface  of  old  concrete 
shall  then  be  thoroughly  wet  so  that  the  base  will  not  draw  water  from  the  finish  when  the  latter 
is  applied.     Before  scrubbing  the  base  with  grout  the  excess  water  shall  be  removed. 

85.  Finish. — With  old  concrete  the  surface  of  the  base  shall  first  be  scrubbed  with  a  thin 
grout  of  pure  cement,  rubbed  in  with  a  broom.  On  top  of  this,  before  the  thin  coat  is  set,  a  coat 
of  finish  mixed  in  the  proportions  of  one  part  Portland  cement,  one  part  stone  broken  to  pass  a 
i  in.  ring,  and  one  part  sand  shall  be  troweled  on,  using  as  much  pressure  as  possible,  so  that  it  will 
take  a  firm  bond.  After  the  finish  has  been  applied  to  the  desired  thickness,  preferably  2  in., 
it  should  be  screeded  and  floated  to  a  true  surface.  Between  the  time  of  initial  and  final  set  it 
shall  be  finished  by  skilled  workmen  with  steel  trowels  and  shall  be  worked  to  final  surface.  Under 
no  condition  shall  a  dryer  be  used,  nor  shall  water  be  added  to  make  the  material  work  easily. 

86.  SPECIFICATIONS  FOR  WOOD  FLOOR  ON  A  TAR  CONCRETE  BASE.  Floor 
Sleepers. — Sleepers  for  carrying  the  timber  floor  shall  be  3  in.  X  3  in.  placed  18  in.  c.  to  c.  After 
the  subgrade  hais  been  thoroughly  tamped  and  rolled  to  an  elevation  of  4}  in.  below  the  tops  of  the 
sleepers,  the  sleepers  shall  be  placed  in  position  and  supported  on  stakes  driven  in  the  subgrade. 
Before  depositing  the  tar  concrete  the  sleepers  must  be  brought  to  a  true  level. 

87.  Tar  Concrete  Base. — ^The  tar  concrete  base  shall  be  not  less  than  4i  in.  thick  and  shall 
be  laid  as  follows:  First,  a  layer  three  (3)  inches  thick  of  coarse,  screened  gravel  thoroughly  mixed 
with  tar,  and  tamped  to  a  hard  level  surface.  Second,  on  this  bed  spread  a  top  dressing  1  \  inches 
thick  of  sand  heated  and  thoroughly  mixed  with  coal  tar  pitch,  in  the  proportions  of  one  (1)  part 
pitch  to  three  (3)  parts  tar.  The  gravel,  sand  and  tar  shall  be  heated  to  from  200  to  300  degrees  F., 
and  shall  be  thoroughly  mixed  and  carefully  tamped  into  place. 

88.  Plank  Sub-Floor. — ^The  floor  plank  shall  be  of  sound  hemlock  or  pine  not  less  than  2 
inches  thick,  planed  on  one  side  and  one  edge  to  an  even  thickness  and  width.  The  floor  plank 
is  to  be  toe-nailed  with  4  in.  wire  nails. 

89.  Finished  Flooring. — ^The  finished  flooring  is  to  be  of  maple  of  clear  stock,  {-in.  finished 
thickness,  thoroughly  air  and  kiln  dried  and  not  over  4  inches  wiae.  The  floor  is  to  be  planed  to 
an  even  thickness,  the  edges  jointed,  and  the  underside  channeled  or  ploughed.  The  finished 
floor  is  to  be  laid  at  right  angles  to  the  sub-floor,  and  each  board  neatly  fitted  at  the  ends,  breaking 
joints  at  random.  The  floor  is  to  be  final  nailed  with  10  d.  or  3-in.  wire  nails,  nailed  in  diagoniu 
rows  16  inches  apart  across  the  boards,  with  two  (2)  nails  in  each  row  in  every  board.  The  floor 
to  be  finished  off  perfectly  smooth  on  cojnpletion. 

90.  The  finished  flooring  is  not  to  be  taken  into  the  building  or  laid  until  the  tar  concrete 
base  and  sub-floor  plank  are  thoroughly  dried. 
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PART  V.     DETAILS  OF  CONSTRUCTION. 

91.  Details. — ^AU  connections  and  details  shall  be  of  sufficient  strength  to  develop  the  full 
strength  of  the  member. 

92.  Pitch  of  Rivets. — ^The  minimum  distance  between  centers  of  rivet  holes  shall  be  three 
diameters  of  the  rivet;  but  the  distance  shall  preferably  be  not  less  than  3  in.  for  f-in.  rivets, 
2|  in.  for  J-in.  rivets,  and  2  in.  for  |-in.  rivets.  The  maximum  pitch  in  the  lines  of  stress  for 
members  composed  of  plates  and  shapes  shall  be  16  times  the  thickness  of  the  thinnest  outside 
plate  or  6  in.  For  angles  with  two  gage  lines  and  rivets  staggered,  the  maximum  shall  be  twice 
the  above  in  each  line.  Where  two  or  more  plates  are  used  in  contact,  rivets  not  more  than  12  in. 
apart  in  either  direction  shall  be  used  to  hold  the  plates  well  together. 

93.  Edge  Distance. — The  minimum  distance  from  the  center  of  any  rivet  hole  to  a  sheared 
edge  shall  be  IJ  in.  for  {-in.  rivets,  1}  in.  for  {-in.  rivets,  and  li  in.  for  |-in.  rivets,  and  to  a  rolled 
ed^  li»  li  and  1  in.,  respectively.  The  maximum  distance  from  any  edge  shall  be  eight  times 
the  thickness  of  the  plate,  but  shall  not  exceed  6  in. 

94.  Maximum  Diameter. — ^The  diameter  of  the  rivets  in  any  angle  carrying  calculated  stress 
shall  not  exceed  one-quarter  the  width  of  the  leg  in  which  they  are  driven.  In  minor  parts  {-in. 
rivets  may  be  used  in  3-in.  angles,  j-in.  rivets  in  2i-in.  angles,  and  Hn.  rivets  in  2-in.  angles. 

95.  Long  Rivets. — Rivets  carrying  calculated  stress  and  whose  grip  exceeds  four  diameters 
shall  be  increased  in  number  at  least  one  per  cent  for  each  additional  i^  in.  of  grip. 

96.  Pitch  at  Ends. — ^The  pitch  of  rivets  at  the  ends  of  built  compression  members  shall  not 
exceed  four  diameters  of  the  nvets,  for  a  length  equal  to  one  and  one-half  times  the  maximum 
width  of  member. 

97.  Diameter  of  Punch  and  Die. — ^The  diameter  of  the  punch  and  die  shall  be  as  specified 
in  i  157. 

98.  Connections. — All  connections  shall  be  of  sufficient  strength  to  develop  the  full  strength 
of  the  member.  No  connections  except  for  lacing  bars  shall  have  less  than  two  rivets.  All  field 
connections  except  lacing  bars  shall  have  not  less  than  three  rivets. 

99.  Flange  Plates. — The  flange  plates  of  all  girders  shall  not  extend  beyond  the  outer  line 
of  rivets  connecting  them  to  the  angles  more  (han  6  in.  nor  more  than  eight  times  the  thickness 
of  the  thinnest  plate. 

100.  Web  Stiffeners. — Web  stiffeners  shall  be  in  pairs,  and  shall  have  a  close  fit  against  flange 
angles.  The  stiffeners  at  the  ends  of  plate  girders  shall  have  filler  plates.  Intermediate  stiffeners 
may  have  fillers  or  be  crimped  over  tne  flange  angles.  The  rivet  pitch  in  stiffeners  shall  not  be 
greater  than  5  in. 

101.  Web  Splices. — Web  plates  shall  be  spliced  at  all  points  by  a  plate  on  each  side  of  the 
web,  capable  of  transmitting  the  shearing  and  bending  stresses  through  the  splice  rivets. 

102.  Riveted  Tension  Members. — Pin  connected  riveted  tension  members  shall  have  a  net 
section  through  the  pin  hole  25  per  cent  in  excess  of  the  reouired  net  section  of  the  member. 
The  net  section  back  of  the  pin  hole  in  line  of  the  center  of  tne  pin  shall  be  at  least  0.75  of  the 
net  section  through  the  pin  hole. 

103.  Upset  Rods. — All  rods  with  screw  ends,  except  sag  rods,  must  be  upset  at  the  ends  so  that 
the  diameter  at  the  base  of  the  threads  shall  be  ^  inch  larger  than  any  part  of  the  body  of  the  bar. 

104.  Upper  Chords. — Upper  chords  of  trusses  shall  have  symmetrical  cross-sections,  and  shall 
•preferably  consist  of  two  angles  back  to  back. 

105.  Compression  Members. — All  other  compression  members  for  roof  trusses,  except  sub- 
struts,  shall  be  composed  of  sections  symmetrically  placed.  SubnBtruts  may  consist  of  a  single 
section. 

106.  Columns. — Side  posts  which  take  flexure  shall  preferably  be  composed  of  4  angles  and  a 
plate.  In  calculating  the  least  moment  of  inertia  of  columns  made  of  4  angles  and  a  web  plate, 
the  web  plate  may  be  omitted.  Where  side  posts  do  not  take  flexure  and  carry  heavy  loads  they 
shall  preferably  be  composed  of  two  channels  laced,  or  of  two  channels  with  a  center  diaphragm. 

107.  Posts  in  end  framing  shall  preferably  be  composed  of  I-beams  or  4  angles  laced.  Corner 
columns  shall  preferably  be  composed  of  one  angle. 

108.  Crane  Posts. — The  cross-bending  stress  due  to  eccentric  loading  in  columns  carrying 
cranes  shall  be  calculated.  Crane  girders  carrying  heavy  cranes  shall  be  carried  on  independent 
columns. 

109.  Batten  Plates.— The  open  sides  of  all  compression  members  shall  be  stayed  by  batten 
plates  at  the  ends  and  diagonal  lattice-work  at  intermediate  points.  The  batten  plates  must  be 
placed  as  near  the  ends  as  practicable,  and  shall  have  a  length  not  less  than  the  greatest  width  of 
the  member  or  li  times  its  least  width. 
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110.  Lftdng  BaxB. — ^The  lacing  of  compression  members  shall  be  proportioned  to  resist  a 
shearing  stress  of  2^  per  cent  of  the  direct  stress.  The  minimum  width  of  lacing  bars  shall  be  If 
in.  for  members  6  in.  m  width,  2  in.  for  members  9  in.  in  width,  2^  in.  for  members  12  in.  in  width, 
2}  in.  for  members  15  in.  in  width,  or  3  in.  for  members  18  in.  and  over  in  widtn.  Single  lacing 
bars  shall  have  a  thickness  not  less  than  one-fortieth,  or  double  lacing  bars  connected  by  a  rivet 
at  the  intersection,  not  less  than  onensixtieth  of  the  distance  between  the  rivets  connecting  them 
to  the  members.  They  shall  be  inclined  at  an  angle  not  less  than  60^  to  the  axis  of  the  member 
for  single  lacing,  nor  less  than  45°  for  double  lacing  with  riveted  intersections.  Lacing  bars  shall 
be  so  spaced  that  the  portion  of  the  flange  included  between  their  connection  shall  be  as  strong  as 
the  member  as  a  whole.  The  pitch  of  the  lacing  bars  must  not  exceed  the  width  of  the  channel 
plus  nine  inches. 

111.  Pin  Plates. — ^All  pin  holes  shall  be  reinforced  by  additional  material  when  necessary,  so 
as  not  to  exceed  the  allowable  i^ressure  on  the  pins.  These  reinforcing  plates  must  contain  enough 
rivets  to  transfer  the  proportion  of  pressure  which  comes  upon  them,  and  at  least  one  plate  on  each 
side  shall  extend  not  less  than  6  in.  beyond  the  edge  of  the  batten  plate. 

112.  Splices. — In  compression  members  joints  with  abutting  faces  planed  shall  be  placed  as 
near  the  panel  points  as  possible,  and  must  be  spliced  on  all  sides  with  at  least  two  rows  of  rivets 
on  each  side  of  the  joint.    Joints  with  abutting  faces  not  planed  must  be  fuUy  spliced. 

113.  Splices. — Joints  in  tension  members  shall  be  fully  spliced. 

114.  Tension  Members. — ^Tension  members  shall  preferably  be  composed  of  angles  or 
shapes  capable  of  taking  compression  as  well  as  tension.  Flats  riveted  at  the  ends  shall  not  be 
used. 

115.  Main  tension  members  shall  preferably  be  made  of  2  angles,  2  angles  and  a  plate,  or  2 
channels  laced.    Secondary  tension  members  may  be  made  of  a  single  shape. 

116.  Eye-Bars. — Heads  of  eye-bars  shall  be  so  proportioned  as  to  develop  the  full  strength 
of  the  bar.    The  heads  shall  be  forged  and  not  welded.   ■ 

117.  Pins. — Fins  must  be  turned  true  to  size  and  straight,  and  must  be  driven  to  place  by 
means  of  pilot  nuts. 

The  diameter  of  pin  shall  not  be  less  than  f  of  the  depth  of  the  widest  bar  attached  to  it. 
The  several  menibers  attached  to  a  pin  shall  be  packed  so  as  to  produce  the  least  bending 
moment  on  the  pin,  and  all  vacant  spaces  must  be  filled  with  steel  or  cast  iron  fillers. 

118.  Barsor  Rods. — Long  laterals  may  be  made  of  bars  with  clevis  or  sleeve  nut  adjustment. 
Bent  loops  shall  not  be  used. 

119.  Spacing  Trusses. — ^Trusses  shall  preferably  be  spaced  so  as  to  allow  the  use  of  single 
pieces  of  rolled  sections  for  purlins.    Trussed  purlins  shall  oe  avoided  if  possible. 

120.  Purlins  and  Girts. — Purlins  and  girts  shall  preferably  be  composed  of  single  sections — 
channels,  angles  or  Z-bars,  placed  with  web  at  right  angles  to  the  trusses  and  posts  and  legs  turned 
down. 

121.  Fastening. — ^Purlins  and  girts  shall  be  attached  to  the  top  chord  of  trOsses  and  to 
columns  by  means  of  angle  clips  with  two  rivets  or  two  bolts  in  each  leg. 

122.  Spacing. — Purlins  for  corrugated  steel  without  sheathing  shall  be  spaced  at  distances 
apart  not  to  exceed  the  span  as  given  for  a  safe  load  of  30  lb.,  and  girts  for  a  safe  load  of  20  lb. 
as  given  in  Table  IV. 

123.  Timber  Purlins. — ^Timber  purlins  and  girts  shall  be  attached  and  spaced  the  same  aa 
steel  purlins. 

124.  Base  Plates. — Base  plates  shall  never  be  less  than  f  hi.  in  thickness,  and  shall  be  of 
sufficient  thickness  and  size  so  that  the  pressure  on  the  masonry  shall  not  exceed  the  allowable 
pressures  in  §  32. 

125.  Cast  Rockers. — The  details  of  cast  iron  rockers  shall  be  subject  to  the  special  approval 
of  the  engineer.  The  vertical  webs  of  cast  iron  rockers  and  pedestals  shall  be  designed  tor  an 
allowable  unit  stress  of  9,000  —  40  //r,  where  I  -  height  and  r  »  radius  of  gyration  of  vertical 
web,  both  in  inches. 

126.  Anchors. — Columns  shall  be  anchored  to  the  foundations  by  means  of  two  anchor 
bolts  not  less  than  1  in.  in  diameter  upset,  placed  as  wide  apart  as  practicable  in  the  plane  oi  the 
wind.  The  anchorage  shall  be  calculated  to  resist  one  and  one-half  times  the  bending  moment 
at  the  base  of  the  columns. 

127.  Lateral  Bracing. — Lateral  bracing  shall  be  provided  in  the  plane  of  the  top  and  bottom 
chords,  sides  and  ends;  knee  braces  in  the  transverse  bents;  and  sway  bracing  wherever  necessary, 
see  §  8.  Lateral  bracing  shall  be  designed  for  an  initial  stress  of  5,000  lb.  in  each  member,  and 
provision  must  be  made  for  putting  thus  initial  stress  into  the  members  in  erecting. 
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128.  Temperature. — No  special  provision  shall  be  made  for  changes  in  temperature  in  the 
length  and  width  of  a  building  with  a  steel  frame,  except  in  glazed  roois  where  expansion  joints 
ehsSl  be  provided  by  bolting  lointo  about  every  30  ft.  Where  trusses  rest  on  masonry  walls  slotted 
hc^es  shall  be  provided  in  the  end  bearing  plates,  and  in  the  purlins  and  roof  covering  to  pro- 
vide for  a  variation  in  temperature  of  150  F.  In  crane  runways  or  similar  structures  changes  in 
length  due  to  a  variation  in  temperature  of  150**  F.  shall  be  provided  for  either  by  means  of 
slotted  holes,  or  in  calculating  the  stresses. 

PART  VI.     MATERIALS. 

129.  Process  of  Manufacture. — Structural  steel  shall  be  made  by  the  open-hearth  process. 

130.  Chemical  Compositioii. — The  steel  shall  conform  to  the  following  requirements  as  to 
chemical  composition: 

Structural  Steel.  Rivet  Steel. 

Phosphorus not  over  0.06  per  cent        not  over  0.06  per  cent 

Sulfur "      "    0.045      " 

131.  Ladle  Analyses. — An  analysis  of  each  melt  of  steel  shall  be  made  by  the  manufacturer 
to  determine  the  perrentages  of  carbon,  manganese,  phosphorus  and  sulfur.  This  analyBis  shrJl 
be  made  from  a  test  ingot  taken  during  the  pouring  of  the  melt.  The  chemical  composition  thus 
determined  shall  be  reported  to  the  purchaser  or  his  representative,  and  shall  conform  to  the 
requirements  specified  in  §  130. 

132.  Check  Analyses. — ^Analyses  may  be  made  by  the  purchaser  from  finished  material 
representing  each  melt.  The  phosphorus  and  sulfiu:  content  thus  determined  shall  not  exceed 
that  specified  in  §  130  by  more  than  25  per  cent. 

133.  Tension  Tests. — (a)  The  material  shall  conform  to  the  following  requirements  as  to 
tensile  properties: 


Properties  Coniddered. 

Structural  Steel. 

Rivet  Steel. 

Tonsile  strenirth.  lb.  oer  so.  in 

55,000-65,000 

0.5  tens.  str. 

1,400,000* 

Tens.  str. 
22 

46,000-56,000 

0.5  tens.  str. 

1,400,000 

« 

Tens.  str. 

Yield  Doint,  min..  lb.  oer  sa.  in 

£ioneation  in  8  in.,  mm.,  oer  cent 

£loniration  in  2  in.,  min..  per  cent 

♦  See  §  134. 

(&)  The  yield  point  shall  be  determined  by  the  drop  of  the  beam  of  the  testing  machine. 

134.  Modifications  in  Elongation. — (a)  For  structural  steel  over  }  in.  in  thickness,  a  deduc- 
tion of  1  from  the  percentage  of  elongation  in  8  in.  specified  in  §  133(a)  shall  be  made  for  each 
increase  of  i  in.  in  thickness  above  }  in.,  to  a  minimum  of  18  per  cent. 

(b)  For  structural  steel  under  A  ii^>  i^  thickness,  a  deduction  of  2.5  from  the  percentage  of 
elongation  in  8  in.  specified  in  §  133(a)  shall  be  made  for  each  decrease  of  ^  in.  in  thiclaiess 
below  A  ^' 

•  • 

135.  Bend  Tests. — (a)  The  test  specimen  for  plates,  shapes  and  bars,  except  as  specified  in 
paragraphs  (6)  and  (c),  shall  bend  cold  through  180  deg.  without  cracking  on  the  outside  of  the 
bent  portion,  as  follows:  For  material  f  in.  or  under  in  thickness,  flat  on  itself;  for  material  over 
}  in.  to  and  including  1}  in.  in  thickness,  around  a  pin  the  diameter  of  which  is  equal  to  the  thick- 
ness of  the  specimen;  and  for  material  over  1}  in.  in  thickness,  around  a  pin  the  diameter  of  which 
is  equal  to  twice  the  thickness  of  the  specimen. 

(b)  The  test  specimen  for  pins,  rollers  and  other  bars,  when  prepared  as  specified  in 
f  136(6),  shidl  bend  cold  through  180  deg.  around  a  1-in.  pin  without  cracking  on  the  outside  of 
the  bent  portion. 

(c)  The  test  specimen  for  rivet  steel  shall  bend  cold  through  180  deg.  flat  on  itself  without 
cracking  on  the  outside  of  the  bent  portion. 

(Note. — ^These  Specifications  for  structural  steel  conform  with  Specifications  for  Structiural 
Steel  for  Buildings  adopted  by  American  Society  for  Testing  Materials,  except  that  Bessemer 
steel  is  not  permitted.) 
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136.  Test  Specimens. — (a)  Tension  and  bend  test  specimens  shall  be  taken  from  rolled  steel 
in  the  condition  m  which  it  comes  from  the  rolls,  except  as  specified  in  paragraph  (6). 

(&)  Tension  and  bend  test  specimens  for  pins  and  rollers  shall  be  taken  from  the  finished 
bars,  after  annealing  when  annealmg  is  specified. 


I 


:<Aboat«2W{ 


'    '         '        i 

<...^..«. —About  18  ^•••— »— . 

Fig.  1. 


(c)  Tension  and  bend  test  specimens  for  plates,  shapes  and  bars,  except  as  specified  in 
paragraphs  ((i),  (e)  and  (/),  shall  be  of  the  full  thickness  of  material  as  rolled;  and  may  be 
machined  to  the  form  and  dimensions  shown  in  Fig.  1,  or  with  both  ed^^es  parallel. 

(d)  Tension  and  bend  test  specimens  for  plates  over  1)  in.  in  thickness  may  be  machined 
to  a  thickness  or  diameter  of  at  least  }  in.  for  a  length  of  at  least  9  in. 

(e)  Tension  test  specimens  for  pins,  rollers  and  bars  over  1 }  in.  in  thickness  or  diameter  may 
conform  to  the  dimensions  shown  in  Fig.  2.  In  this  case,  the  ends  shall  be  of  a  form  to  fit  the 
holders  of  the  testing  machine  in  such  a  way  that  the  load  shall  be  axial.  Bend  test  specimens 
may  be  1  by  }  in.  in  section.  The  axis  of  the  specimen  shall  be  located  at  any  point  midway 
between  the  center  and  surface  and  shall  be  parallel  to  the  axis  of  the  bar. 

(/ )  Tension  and  bend  test  specimens  for  rivet  steel  shall  be  of  the  fullnsize  section  of  bars 
as  rolled. 

137.  Number  of  Tests. — (a)  One  tension  and  one  bend  test  shall  be  made  from  each  melt: 
except  that  if  material  from  one  melt  differs  I  in.  or  more  in  thickness,  one  tension  and  one  bena 
*test  shall  be  made  from  both  the  thickest  and  the  thinnest  material  rolled. 


i» 

I- — %' 


-^■H-r* 


-2)4^' 


. ......  J. 


w-^fr1^ 


.— z". 


FiG.  2, 
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(6)  If  any  test  specimen  shows  defective  machining  or  develops  flaws,  it  may  be  discarded 
and  another  specimen  substituted. 

(c)  If  the  percentage  of  eloneation  of  any  tension  test  specimen  is  less  than  that  specified 
in  Section  133(a)  and  any  part  of  the  fracture  is  more  than  f  in.  from  the  center  of  the  ga^  length 
of  a  2-in.  specimen  or  is  outside  the  middle  third  of  the  gage  length  of  an  8-in.  specimen,  as  mdicated 
by  scribe  scratches  marked  on  the  specimen  before  testing,  a  retest  shall  be  allowed. 

138.  Permissible  Variations. — ^The  cross-section  or  weight  of  each  piece  of  steel  shall  not 
vary  more  than  2.5  per  cent  from  that  specified;  except  in  the  case  of  sheared  plates,  which  shall 
be  covered  bv  the  following  permissible  variations.  6ne  cubic  inch  of  rolled  steel  is  assumed  to 
weigh  0.2833*lb. 

(a)  When  Ordered  to  Weight  per  Square  Foot:  The  weight  of  each  lot^  in  each  shipment 
shall  not  vary  from  the  weight  ordered  more  than  the  amount  given  in  Table  V. 

^  The  term  ''lot  "  applied  to  Table  V  means  all  of  the  plates  of  each  group  width  and  group 
weight. 
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TABLE  V. 
Permissible  Variations  of  Plates  Ordered  to  Weight. 


I 

PermiBmble  Variations  in  Average  Weights  per  Square 

Foot  of  Phites  for  Widths  Given. 

Ordered 

Expreaaed  in  Percentages  of  Ordered  Weights. 

Ordered 

1                i 

Weight, 
Lb.  perSq.  Ft. 

48  to       60  to 

72  to 

84  to 

96  to 

108  to 

ISeOto 

132 

in. 

Weight. 
Lb.  per  Sq.  Ft. 

Under 

60  in..      72  in., 

84  in. 

06  in. 

108  in. 

120  in.. 

132 

in.. 

or 

48  in. 

exd     !    exd. 

excl. 

excl. 

excl. 

excl. 

excl. 

over. 

Under  5 

5    to  7.5   ex- 

5 

3 

5-5 

3      6 

3 

7 

. .  .1-  -  . 

..,,...{... 

Under  5 

5  to  7.5  ex- 

J 

clusive.  .  .  . 

4-5 

3 

5 

3 

5.5 

3 

6 

clusive 

7-5  to  10  ex- 

7.5 to  10  ex- 

clusive. .  .  . 

4 

3 

4-5 

3 

5 

3 

5-5 

6 

3 

7 

3 

8 

3 

clusive 

10  to  12.5  ex- 

10 to  12.5  ex- 

clusive .... 

3.5 

2-5 

4 

3 

4.5 

3 

5 

5-5 

3 

6 

3 

7 

3 

8 

9 

3 

clusive 

12.5  to  15  ex- 

12.5 to  15  ex- 

clusive   

3 

2-5 

3-5 

2.5  4 

3 

4.5 

5 

3 

5-5 

3 

6 

3 

7 

8 

3 

clusive 

15  to  17.5  ex- 

1 

15  to  17.5  ex- 

clusive. . . . 

2.5 

2-5 

3 

2.5  3.5  2.514 

4-5  3 

5 

3 

5.5 

3 

6 

7 

3 

clusive 

17.5  to  20  ex- 

17.^ to  20  ex- 
clusive 

clusive.  .  .  . 

2.5 

2 

2.5 

2.5  3 

2.5 

3.5 

2.5 

4 

3 

4.5 

3 

5 

3 

5-'S 

6 

3 

20  to  25  ex- 

20 to  25  ex- 

clusive .... 

2 

2 

2.5 

2 

2.5 

2.5 

3 

2.5 

3.5 

2.5 

4 

3 

4.5 

3 

5 

5-S 

3 

clusive 

25  to  30  ex- 

25 to  30  ex- 

clusive .... 

2 

2 

2 

2 

2.5 

2 

2.5 

2.5 

3 

2.5 

3-5 

3 

4 

3 

4.5 

5 

3 

clusive 

30  to  40  ex- 

30 to  40  ex- 

clusive .... 

2 

2     2 

2 

2 

2 

2.5 

2 

2.5  2.5;  3 

2.5 

3-5 

3 

4 

4.5 

3 

clusive 

40  or  over  ...   2    1 

2     2 

2     2    '  2 

2 

2 

2.5  2    ,  2.5 

2.5 

3 

2.5 

3.5 

4 

3 

40  or  over 

Note. — ^The  weight  per  square  foot  of  individual  plates  shall  not  vary  from  the  ordered  weight 
by  more  than  i}  times  the  amount  given  in  this  table. 

(6)  When  Ordered  to  Thickness:    The  thickness  of  each  plate  shall  not  vary  more  than  0.01 
in.  under  that  ordered. 

The  overweight  of  each  lot '  in  each  shipment  shall  not  exceed  the  amount  given  in  Table  VI. 

'  The  term  ''lot ''  applied  to  Table  VI  means  all  of  the  plates  of  each  group  width  and  group 
thickness. 

TABLE  VI. 

Permissible  Overweights  of  Plates  Ordered  to  Thickness. 


Permissible  Excess  in  Average  Weights  per 
Square  Foot  of  Plates  for  Widths  Given. 

Ordered 

Expressed  in  Percentages  of  Nominal  Weights. 

Ordered 

Thickness, 
in. 

Thickness, 
in. 

48    to 

60    to 

72    to 

84     to 

06    to 

108  to 

120  to 

132  in 

Under 

60  in. 

72  in.. 

84  in. 

06  in  , 

108  in  , 

120  in. 

132  in  . 

or 

48  in. 

excl. 

excl. 

excl 

excl 

excl. 

excl 

excl. 

over. 

Under  J 

1    9 

10 

12 

14 

•    • 

•    • 

•    • 

•    ■ 

•   • 

Under  i 

J    to  A  excl. 

8 

9 

10 

12 

•    • 

•    • 

•    ■ 

•    • 

•    ■ 

i    to  A  excl. 

A  "  i     " 

7 

8 

9 

10 

12 

•    • 

•     a 

•    • 

«    ■ 

A  "  1      " 

i    "A    " 

6 

7 

8 

9 

10 

12 

14 

16 

19 

}    "A    " 

A  "  1     " 

5 

6 

7 

8 

9 

10 

12 

14 

17 

p '  \ 

1    "  A   " 

4.5 

5 

6 

7 

8 

9 

10 

12 

IS 

*     f* 

AM     " 

4 

35 

4-5 
4 

5 
45 

6 

S 

I 

8 
7 

9 
8 

10 

9 

13 
11 

A  "  i     " 
"  1     " 

- 

3 

3.5 

4 

45 

5 

6 

7 

8 

9 

*(   i        <( 

i  "  I    " 

2-5 

3 

3.5 

4 

4-5 

S 

6 

7 

8 

J     "   I        " 

1  or  over 

2-5 

2-5 

3 

3-5 

4 

4-S         5    1 

6 

7 

I  or  over 
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139.  Finish. — ^The  finished  material  shall  be  free  from  injurious  defects  and  shall  have  a 
workmanlike  finish. 

140.  Marking. — ^The  name  or  brand  of  the  manufacturer  and  the  melt  number  shall  be 
legibly  stamped  or  rolled  on  all  finished  material,  except  that  rivet  and  lattice  bars  and  other  small 
sections  shall,  when  loaded  for  shipment,  be  properly  separated  and  marked  for  identification. 
The  identification  marks  shall  be  legibly  stamped  on  the  end  of  each  pin  and  roller.  The  melt 
number  shall  be  legibly  marked,  by  stamping  if  practicable,  on  each  test  specimen. 

141.  Inspection. — ^The  inspector  representing  the  purchaser  shall  have  free  entry,  at  all 
times  while  work  on  the  contract  of  the  purchaser  is  bemg  performed,  to  all  parts  of  the  manu- 
facturer's works  which  concern  the  manufacture  of  the  material  ordered.  The  manufacturer  shall 
afford  the  inspector,  free  of  cost,  all  reasonable  facilities  to  satisfy  him  that  the  material  is  being 
furnished  in  accordance  with  these  specifications.  All  tests  (except  check  analyses)  and  inspection 
shall  be  made  at  the  place  of  manufacture  prior  to  shipment,  unless  otherwise  specified,  and  shall 
be  so  conducted  as  not  to  interfere  unnecessarily  with  the  operation  of  the  works. 

142.  Rejection. — (a)  Unless  otherwise  specified,  any  rejection  based  on  tests  made  in 
accordance  with  §  132  shall  be  reported  within  nve  working  days  from  the  receipt  of  samples. 

(h)  Material  which  shows  injurious  defects  subsequent  to  its  acceptance  at  the  manu- 
facturer's works  will  be  rejected,  and  the  manufacturer  shall  be  notified. 

Rehearing. — Samples  tested  in  accordance  with  S  132,  which  represent  rejected  material, 
shall  be  preserved  for  two  weeks  from  the  date  of  the  test  report.  In  case  of  dissatisfaction 
with  the  results  of  the  tests,  the  manufacturer  may  make  claim  tor  a  rehearing  within  that  time. 

Special  Metaui. 

143.  Cast-iron. — ^Except  where  chilled  iron  is  specified,  castings  shall  be  made  of  tough  gray 
iron,  with  sulphur  not  over  0.10  per  cent.  They  shall  be  true  to  pattern,  out  of  wind  and  free 
from  flaws  and  excessive  shrinkage.  If  tests  are  demanded  they  shall  be  made  on  the  "Arbitra- 
tion Bar  "  of  the  American  Society  for  Testing  Materials,  which  is  a  round  bar,  1}  in.  in  diameter 
and  15  in.  long.  The  transverse  test  shall  be  on  a  supported  length  of  12  in.  with  load  at  middle. 
The  minimum  breaking  load  so  applied  shall  be  2,900  Id.,  with  a  deflection  of  at  least  -^  in.  before 
rupture. 

144.  Wrought-Iron  Bars. — ^Wrought-iron  shall  be  double-rolled,  tough,  fibrous  and  uniform 
in  character.  It  shall  be  thoroughly  welded  in  rolling  and  be  free  from  surface  defects.  When 
tested  in  specimens  of  the  form  of  Fig.  1,  or  in  full-sized  pieces  of  the  same  length,  it  shall  show 
an  ultimate  strength  of  at  least  50,000  lb.  per  sq.  in.,  an  elongation  of  at  least  18  per  cent  in  8  in.» 
with  fracture  wholly  fibrous.  Specimens  shall  bend  cold,  with  the  fiber  throu^  135^,  without 
sign  of  fracture,  around  a  pin  the  diameter  of  which  is  not  over  twice  the  thickness  of  the  piece 
tested.    When  nicked  and  bentlthe  fracture  shall  show  at  least  90  per  cent  fibrous. 

Timber. 

145.  Timber. — ^The  timber  shall  be  strictly  first-class  spruce,  white  pine,  Douglas  fir,  Southern 
yellow  pine,  white  oak,  or  other  approved  timber.  Timber  piles  shall  preferably  be  white,  post 
or  burr  oak,  Douglas  fir,  longleaf  pine,  tamarack,  white  or  red  cedar,  chestnut,  redwood  or  cypress. 

146.  General  Requirements. — ^All  timber  shall  be  cut  from  sound  live  trees,  and  shall  be 
sawed  to  standard  size.  It  must  be  close  grained  and  solid,  free  from  defects  such  as  injurious 
ring  shakes  and  cross  grain,  unsound  or  loose  knots,  knots  in  groups,  large  pitch  pockets,  decay 
or  other  defects  that  will  impair  its  strength  or  fitness  for  the  pulpose  intended. 

147.  Size  of  Sawed  Timber. — ^All  timber  shall  be  sawed  true  and  out  of  wind  and  shaD,  when 
dry,  not  measure  scant  in  thickness  more  than  the  following: 

Flooring  and  boards  up  to  1}  in.  thick,  may  be  scant  ^  in. 
Planks  and  timbers,  rough  size,  from  If  to  5}  in.  thick,  may  be  scant  i  in. 
Dimension  timber,  rou^  size,  6  in.  thick  and  up,  may  be  scant  i  in.    For  example,  a  12 
in.  X  12  in.  timber  may  be  11}  in.  X  11}  in. 

148.  Size  of  Dressed  Timber. — ^When  dressed  timber  more  than  1 }  in.  in  thickness  is  required, 
a  reduction  of  i  in.  in  thickness  for  each  surface  planed  will  be  permitted  in  addition  to  the 
allowance  in  rou^  timber  in  §  147.  For  example  a  12  in.  X  12  in.  timber  S.4S.  may  be  11}  in. 
X  11} in. 

149.  Dimension  Timber. — Dimension  timber  when  used  for  beams,  stringers,  cape,  posts 
and  sills  shall  show  not  leas  than  75  per  cent  heart  on  each  of  four  faces,  measured  across  the 
sides  anywhere  in  the  length  of  the  piece.    There  shall  be  no  loose  knots,  or  knots  greater  than 
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2  in.  in  diameter,  or  one-quarter  (})  the  width  of  the  face  of  the  stick  in  which  they  occur.  Knots 
shall  not  be  located  in  groups  and  no  knot  shall  be  nearer  the  ed^^e  of  the  stick  than  one-quarter 
(I)  the  width  of  the  face.  When  used  for  other  purposes  dimension  timber  shall  be  square  edged 
with  exception  of  1-in.  wane  on  one  edge  or  i-in.  wane  on  two  edges,  and  ring  shakes  shall  not 
extend  over  one-eighth  (i)  the  length  of  the  piece. 

150.  Flooring. — Flooring  shall  preferably  be  yellow  pine,  maple  or  beech,  as  specified,  and 
shall  be  furnished  usually  in  lengths  of  12  to  16  ft.  and  not  over  4  m.  face.  The  thickness  of  the 
flooring  shall  be  the  thickness  of  the  finished  material.  Flooring  shall  be  edge  grained,  kiln  dried, 
matched,  tongued  and  grooved,  planed  on  the  upper  side,  well  manufactured  so  as  to  be  free  from 
planer's  mar^s,  splinters,  etc.  It  shall  show  one  face  all  heart  and  shall  be  free  from  knots, 
shakes,  sap  and  pitch  pockets. 

151.  Sub-Floor  Plank. — ^Floor  plank  shall  be  square  edged,  shall  show  one  face  all  heart  and 
the  other  face  and  two  edges  shall  show  not  less  than  seventy-five  (75)  per  cent  heart,  measured 
across  the  face  or  sides  measured  anywhere  in  the  length  of  the  piece;  and  shall  be  free  from  loose 
knots,  or  sound  knots  more  than  1}  in.  in  diameter. 

152.  Piles. — Piles  shall  be  cut  from  sound,  live  trees,  shall  be  straight,  close  grained  and  solid, 
free  from  defects  such  as  injurious  ring  shakes,  large  and  unsound  or  loose  knots,  decay  or  other 
defects  that  will  materially  impair  the  strengtn  or  durability.  The  diameter  of  round  piles  near 
the  butt  shall  not  be  less  than  12  in.  nor  more  than  18  in.,  and  at  the  tip  of  piles  under  30  ft.  not 
less  than  8  in.,  nor  less  than  6  in.  for  piles  more  than  30  ft.  long.  Piles  must  be  cut  above  the 
ground  swell  and  must  taper  evenly  from  butt  to  tip.  Short  bends  will  not  be  allowed.  A  line 
drawn  from  the  butt  to  the  tip  shall  lie  entirely  within  the  body  of  the  pile.  All  piles  shall  be  cut 
sqiuure  at  their  ends  and  shall  be  stripped  of  their  bark. 

PART  VII.    WORKMANSHIP. 

153.  General. — ^All  parts  forming  a  structure  shall  be  built  in  accordance  with  approved 
drawings.  The  workmanship  and  finish  shall  be  equal  to  the  best  practice  in  modern  bridge 
works. 

154.  Strai^tenin|;  Material. — Material  shall  be  thoroughly  straightened  in  the  shop,  by 
methods  that  will  not  injure  it,  before  being  laid  off  or  worked  in  any  way. 

155.  Finish. — Shearing  shall  be  neatly  and  accurately  done  and  all  portions  of  the  work 
exposed  to  view  neatly  finished. 

156.  Rivets. — ^The  size  of  rivets,  called  for  on  the  plans,  shall  be  understood  to  mean  the 
actual  size  of  the  cold  rivet  before  heating. 

157.  Rivet  Holes. — When  general  reaming  is  not  required,  the  diameter  of  the  punch  for 
material  not  over  f  in.  thick  shallbe  not  more  than  i^  in.,  nor  tliat  of  the  die  more  than  )  in.  larger 
than  the  diameter  of  the  rivet.  The  diameter  of  the  die  shall  not  exceed  that  of  the  punch  oy 
more  than  i  the  thickness  of  the  metal  punched. 

158.  leaning  and  Reamine. — In  medium  steel  over  }  of  an  in.  thick,  all  sheared  edges  shall 
be  planed  and  all  holes  shall  be  drilled  or  reamed  to  a  diameter  of  |  of  an  in.  larger  than  the  punched 
holes,  so  as  to  remove  all  the  sheared  surface  of  the  metal.  Steel  which  does  not  satisfy  the 
drifting  test  must  have  holes  drilled. 

159.  Punching. — ^Punching  shall  be  accurately  done.  Slight  inaccuracy  in  the  matching  of 
holes  may  be  corrected  with  reamers.  Drifting  to  enlarge  Unfair  holes  will  not  be  allowed.  Poor 
matching  of  holes  will  be  cause  for  rejection  by  the  inspector. 

160.  Assembling. — ^Riveted  members  shall  have  all  parts  well  pinned  up  and  firmly  drawn 
together  with  bolts  before  riveting  is  commenced.    Contact  surfaces  to  be  painted  (see  §  191). 

161.  Lacing  Bars. — ^Lacing  bars  shall  have  neatly  rounded  ends,  unless  otherwise  called  for. 

162.  Web  Stiffeners. — Stiffeners  shall  fit  neatly  between  flanees  of  girders.  Where  tight 
fits  are  called  for  the  ends  of  the  stiffeners  shall  be  faced  and  shall  be  brought  to  a  true  contact 
bearing  with  the  flange  angles. 

163.  Splice  Plates  and  Fillers. — Web  splice  plates  and  fillers  under  stiffeners  shall  be  cut  to 
fit  within  I  in.  of  flange  angles. 

164.  Web  Plates. — Web  plates  of  girders,  which  have  no  cover  plates,  shall  be  flush  with 
the  backs  of  angles  or  be  not  more  than  }  in.  scant,  unless  otherwise  called  for.  When  web  plates 
are  spUced,  not  more  than  }  in.  clearance  between  ends  of  plates  will  be  allowed. 

165.  Connection  Angles. — Connection  angles  for  girders  shall  be  flush  with  each  other  and 
correct  as  to  position  and  length  of  girder.  In  case  milling  is  required  after  riveting,  the  removal 
of  more  than  t^  in.  from  their  thickaess  will  be  cause  for  rejection. 
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166.  Riveting. — ^Rivets  shall  be  driven  b^  pressure  tools  wherever  possible.  Pneumatic 
hanuners  shall  be  used  in  preference  to  hand  dnving. 

167.  Rivets  shall  look  neat  and  finished,  with  heads  of  approved  shape,  full  and  of  equal  size. 
They  shall  be  central  on  shank  and  grip  the  assembled  pieces  firmly.  Recupping  and  calking 
will  not  be  allowed.  Loose,  burned  or  otherwise  defective  rivets  di&il  be  cut  out  and  replaced. 
In  cutting  out  rivets  great  care  shall  be  taken  not  to  iujure  the  adjacent  metal.  If  necessary 
they  shall  be  drilled  out. 

168.  Turned  Bolts. — ^Wherever  bolts  are  used  in  place  of  rivets  which  transmit  shear,  the 
holes  shall  be  reamed  parallel  and  the  bolts  turned  to  a  driving  fit.  A  washer  not  less  than  \  in. 
thick  shall  be  used  under  nut. 

169.  Members  to  be  Strai^t. — The  several  pieces  forming  one  built  member  shaU  be  straight 
and  fit  closely  together,  and  finished  members  shaU  be  free  from  twists,  bends  or  open  joint-s. 

170.  Finish  of  Joints. — ^Abutting  joints  shall  be  cut  or  dressed  true  and  straight  and  fitted 
close  together,  especiallv  where  open  to  view.  In  compression  joints  depending  on  contact 
bearing  the  suirfaces  shall  be  truly  faced,  so  as  to  have  even  bearings  after  they  are  riveted  up 
complete  and  when  perfectly  aligned. 

171.  Field  Connections. — All  holes  for  field  rivetfl  in  splices  in  tension  members  carrying 
moving  loads  shall  be  accurately  drilled  to  an  iron  templet  or  reamed  while  the  connecting  parts 
are  temporarily  put  together. 

172.  Eye-Bars. — Eye-bars  shall  be  straight  and  true  to  size,  and  shall  be  free  from  twists, 
folds  in  the  neck  or  head,  or  any  other  defect.  Heads  sh^  be  made  by  upsetting,  rolling  or  forging. 
Welding  will  not  be  allowed.  The  form  of  heads  will  be  del^ermined  by  the  dies  in  use  at  the 
works  where  the  eye-bars  are  made,  if  satisfactory  to  the  engineer,  but  the  manufacturer  shall 
guarantee  the  bars  to  break  in  the  body  with  a  silky  fracture,  when  tested  to  rupture.  The 
thickness  of  head  and  neck  shall  not  vary  more  than  ^  in.  from  the  thickness  of  the  bar. 

173.  Boring  Eye-Bars. — Before  boring,  each  eye-bar  shall  be  properly  annealed  and  carefully 
straightened.  Pin  holes  shall  be  in  the  center  line  of  bars  and  in  the  center  of  heads.  Bars  of  the 
same  length  shall  be  bored  so  accurately  that,  when  placed  together,  pins  ^  in.  smaller  in  diam- 
eter than  the  pin  holes  can  be  passed  through  the  holes  at  both  ends  of  the  bars  at  the  same  time. 

174.  Pin  Holes. — ^Pin  holes  shall  be  bored  true  to  gage,  smooth  and  straight;  at  right  angles 
to  the  axis  of  the  member  and  parallel  to  each  other,  unless  otherwise  called  for.  Wherever  pos- 
sible, the  boring  shall  be  done  after  the  member  is  riveted  up. 

175.  The  distance  center  to  center  of  pin  holes  shall  be  correct  within  ^y  in.,  and  the  diameter 
of  the  hole  not  more  than  1/50  in.  larger  than  that  of  the  pin,  for  pins  up  to  5  in.  diameter,  and  ^  in. 
for  larger  pins. 

176.  Pins  and  Rollers. — ^Pins  and  rollers  shall  be  accm^tely  turned  to  gage  and  shall  be 
straight  and  smooth  and  entirely  free  from  flaws. 

177.  Pilot  Nuts  and  Field  Rivets. — ^At  least  one  pilot  and  one  driving  nut  shall  be  furnished 
for  each  size  of  pin  for  each  structure;  and  field  rivets  15  per  cent  plus  10  rivets  in  excess  of 
the  number  of  each  size  actually  required. 

178.  Screw  Threads. — Screw  threads  shall  make  tight  fits  in  the  nuts  and  shall  be  U.  S. 
standard,  except  above  the  diameter  of  If  in.,  when  they  shall  be  made  with  six  threads  per  in. 

179.  Annealing. — Steel,  except  in  minor  details,  which  has  been  partially  heated  shall  be 
properly  annealed. 

180.  Steel  Castings. — ^All  steel  castings  shall  be  annealed. 

181.  Welds. — ^Welds  in  steel  will  not  be  allowed. 

182.  Bed  Plates. — ^Expansion  bed  plates  shall  be  planed  true  and  smooth.  Cast  wall  plates 
shall  be  planed  top  and  bottom.  The  cut  of  the  planing  tool  shall  correspond  with  the  direction 
of  expansion. 

183.  Shipping  Details. — Pins,  nuts,  bolts,  rivets,  and  other  small  details  shall  be  boxed  or 
crated. 

184.  Weight. — ^The  weight  of  every  piece  and  box  shall  be  marked  on  it  in  plain  figures. 

185.  Weight  Paid  For. — The  payment  for  pound  price  contracts  shall  be  based  on  scale 
weights  of  the  metal  in  the  fabricated  structure,  including  field  rivets  15  per  cent  plus  10  rivets 
in  excess  of  the  number  nominally  required.  The  weight  of  the  shop  coat  of  {mint,  field  paint* 
cement,  fitting  up  bolts,  pilot  nuts,  driving  caps,  boxes  and  barrels  used  for  packing,  and  material 
used  in  supporting  members  on  cars  shall  be  excluded.  If  the  scale  weight  is  more  than  2)  per 
cent  under  the  computed  weight  it  may  be  cause  for  rejection.  The  greatest  allowable  variation 
of  the  total  scale  weight  of  any  structure  from  the  weights  computed  from  the  approved  shop 
drawings  shall  be  2  per  cent.    Any  weight  in  excess  of  2  per  cent  above  the  computed  weight 
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shall  not  be  paid  for.  The  weights  of  rolled  shapes  and  plates  shall  be  computed  on  the  basis  of 
their  normal  weights  and  dimensions,  as  shown  on  the  approved  drawings,  deducting  for  all  copes, 
cuta  and  open  holes.  With  plates  the  percentage  of  overrun  ^iven  in  these  specifications  shall 
be  added.  The  weight  of  heads  of  shop  driven  rivets  shall  be  mcluded  in  the  computed  weight. 
The  weights  of  castings  shall  be  computed  from  the  dimensions  shown  on  the  approved  draw- 
ings, with  an  addition  of  10  per  cent  for  fillets  and  overrun. 

Additional  Specifications  When  General  RfiAioNa  and  Planing  are  Reqihred. 

186.  Planing  Edges. — Sheared  edges  and  ends  shall  be  planed  off  at  least  i  in. 

187.  Reaming. — Punched  holes  shall  be  made  with  a  punch  A  in.  smaller  in  diameter  than 
the  nominal  size  of  the  rivets  and  shall  be  reamed  to  a  finished  di^^eter  of  not  more  than  ^  in. 
larger  than  the  rivet. 

188.  Reaming  after  Assembling. — ^Wherever  practicable,  reaming  shall  be  done  after  the 
pieces  forming  one  built  member  have  been  assembled  and  firmly  bolted  together.  If  necessary 
to  take  the  pieces  apart  for  shipping  and  handling,  the  respective  pieces  reamed  together  shall  be 
so  marked  that  they  may  be  reassembled  in  tJhe  same  position  in  the  final  setting  up.  No  inter- 
change of  reamed  parts  will  be  allowed. 

189.  Removing  Burrs. — The  burrs  on  all  reamed  holes  shall  be  removed  by  a  tool  counter- 
sinking about  -fi  in. 

Painting  in  Shop. 

190.  Painting. — ^All  steel  work  before  leaving  the  shop  shall  be  thoroughly  cleaned  from  all 
loose  scale  and  rust,  and  be  given  one  good  coating  of  pure  boiled  linseed  oil  or  paint  as  specified, 
well  worked  into  all  joints  and  open  spaces. 

191.  In  riveted  work,  the  surfaces  coining  in  contact  shall  each  be  painted  (with  paint) 
before  being  riveted  together. 

192.  Pieces  and  parts  which  are  not  accessible  for  painting  after  erection  shall  have  two 
coats  of  paint. 

193.  The  paint  shall  be  a  good  auality  of  red  lead  or  graphite  paint,  ground  with  pure  linseed 
oil,  or  such  paint  as  may  be  specified  in  the  contract. 

194.  Machine  finished  surfaces  shall  be  coated  with  white  lead  and  tallow  before  shipment 
or  before  being  put  out  into  the  open  air. 

Inspection  and  Testing  at  Mill  and  the  Shops. 

195.  The  manufacturer  shall  furnish  all  facilities  for  inspecting  and  testing  weight  and  the 
qualitv  of  workmanship  at  the  mill  or  shop  where  material  is  fabricated.  He  shall  furnish  a 
suitable  testing  machine  for  testing  full-sized  members  if  required. 

196.  Iftill  Orders. — ^The  engineer  shall  be  furnished  with  complete  copies  of  mill  orders,  and 
no  materials  shall  be  ordered  nor  any  work  done  before  he  has  been  notified  as  to  where  the  orders 
have  been  placed  so  that  he  may  arrange  for  the  inspection. 

197.  Shop  Plans. — The  engineer  shall  be  furnished  with  approved  complete  shop  plans,  and 
must  be  notified  well  in  advance  of  the  start  of  the  work  in  the  shop  in  order  that  he  may  have  an 
inspector  on  hand  to  inspect  the  material  and  workmanship. 

198.  Shipping  Invoices. — Complete  copies  of  shipping  invoices  shall  be  furnished  the  engineer 
with  each  shipment. 

199.  The  engineer's  inspector  shall  have  full  access,  at  all  times,  to  all  parts  of  the  mill  or 
shop  where  material  under  his  inspection  is  being  fabricated. 

200.  The  inspector  shall  stamp  each  piece  accepted  with  a  private  mark.  Any  piece  not  so 
marked  may  be  rejected  at  any  time,  and  at  any  stage  of  the  work.  If  the  inspector,  through  an 
oversight  or  otherwise,  has  accepted  material  or  work  which  is  defective  or  contrary  to  the  speci- 
fications, this  material,  no  matter  in  what  stage  of  completion,  may  be  rejected  by  the  engineer. 

201.  Full  Size  Tests.— Full  size  tests  of  any  finished  member  shall  be  tested  at  the  manu- 
facturer's expense,  and  shall  be  paid  for  by  the  purchaser  at  the  contract  price  less  the  scrap  value, 
if  the  tests  are  satisfactory.  If  the  tests  are  not  satisfactory  the  material  will  not  be  paid  for  and 
the  members  represented  by  the  tested  member  may  be  rejected. 
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Erection. 

202.  Tools. — ^The  contractor  shall  furnish  at  his  own  esqpense  all  necessary  tools,  staffing  and 
material  of  every  description  required  for  the  erection  of  the  work,  and  shall  remove  the  same 
when  the  work  is  completed. 

All  field  connections  in  the  trusses  and  framework  shall  be  riveted.  Connections  of  purlins 
and  girts  may  be  bolted. 

The  contractor  shall  put  in  place  all  stone  bolts  and  anchors  for  attaching  the  steel  work  to 
the  masonry.  He  shall  drill  all  the  necessary  holes  in  the  masonry,  and  set  all  bolts  with  neat 
Portland  cement. 

203.  Field  rivets  shall  preferably  be  driven  by  pneumatic  riveters  of  approved  make.  A 
pneumatic  bucker  shall  be  used  with  a  pneumatic  riveter.  Splices  and  field  connections  shall  have 
50  per  cent  of  the  holes  filled  with  bolts  and  drift  pins  (of  which  one-fifth  shall  be  drift  pins) 
before  riveting.  Rivets  in  splices  of  compression  chords  shall  not  be  driven  until  the  abutting 
surfaces  have  been  brought  into  contact  throughout,  and  submitted  to  full  dead  load  stress.  Field 
riveting  shall  be  done  to  the  satisfaction  of  the  engineer. 

204.  The  erection  will  also  include  all  necessary  hauling  from  the  railroad  station,  the  un- 
loading of  the  materials  and  their  proper  care  until  the  erection  is  completed. 

205.  Whenever  new  structures  are  to  replace  existing  ones,  the  latter  are  to  be  carefully  taken 
down  and  removed  by  the  contractor  to  some  place  where  the  material  can  be  hauled  away. 

206.  The  contractor  shall  so  conduct  his  work  as  not  to  interfere  with  traffic,  interfere  with 
the  work  of  other  contractors,  or  close  any  thorou^fare. 

207.  The  contractor  shall  assume  all  risks  of  accidents  and  damages  to  persons  and  properties 
prior  to  the  acceptance  of  the  work. 

208.  The  contractor  must  remove  all  falsework,  piling  and  other  obstructions  or  unsightly 
material  produced  by  his  operations. 

209.  The  contractor  shall  comply  with  all  ordinances  or  regulations  appertaining  to  the 
work. 

210.  The  erection  shall  be  carried  forward  with  diligence  and  shall  be  completed  promptly. 

Paintino  Aptbr  Erection. 

211.  Paintiiig. — After  the  building  is  erected  the  metal  work  shall  be  thoroughly  deaned  of 
mud,  grease  or  other  material,  then  thoroughly  and  evenly  painted  with  two  coats  of  paint  of  the 
kind  specified  by  the  engineer,  mixed  with  linseed  oil.  All  recesses  which  may  retain  water,  or 
through  which  water  can  enter,  must  be  fiUed  with  thick  paint  or  some  waterproof  cement  before 
final  painting.  The  different  coats  of  paint  must  be  of  distinctly  different  shades  or  colors,  and 
one  coat  must  be  allowed  to  dry  thoroughly  before  the  second  coat  is  applied.  All  painting  shaU 
be  done  with  round  brushes  of  the  best  quality^  obtainable  on  the  market.  The  paint  shall  be  de- 
livered on  the  work  in  the  manufacturer's  original  packages  and  be  subject  to  inspection.  If  tests 
made  by  the  inspector  shows  that  the  paint  is  adulterate,  the  paint  will  be  rejected  and  the  con- 
tractor shall  pay  the  cost  of  the  analyses,  and  shall  scrape  off  and  thoroughly  clean  and  repaint 
all  material  that  has  been  painted  with  the  condemned  paint.  The  paint  shall  not  be  thinned  with 
anything  whatsoever;  in  cold  weather  the  paint  may  be  thinned  by  heating  under  the  direction  of 
the  inspector.  No  turpentine  nor  benzine  shall  be  allowed  on  the  work,  except  by  the  permission 
of  the  inspector,  and  in  such  quantity  as  he  shall  allow.  The  inspector  shall  oe  notified  when  any 
painting  is  to  be  done  by  the  contractor,  and  no  painting  shall  be  done  until  the  inspector  has 
approved  the  surface  to  which  the  paint  is  to  be  applied.  Paint  shall  not  be  applied  out  of  doors 
in  freezing,  rainy,  or  misty  weather,  and  all  surfaces  to  which  paint  is  to  be  applied  shall  be  dry. 
clean  and  warm.  In  cool  weather  the  paint  may  be  thinned  by  heating,  and  this  may  be  required 
by  the  inspector. 
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"A"  deiTick 679 

Adjustable  bars 434,  612 

eye-bare 434 

Algebraic  moments.  19,  23,  49,  162,  168,  170, 
200,  208,  210 

resolution 19,  43,  148,  188,  190,  192, 

194,  196,  198,  206 

rotation 261 

Algebraic  solution 

Dv  area  moments 346 

of  three-hinged  arch 109 

continuous  beams 274,  275,  276 

beams 33,  37 

bridge  trusses 43,  75, 179  to  211 

portals 78,  82,  171 

transverse  bent 89 

trestle  bent 168 

Algebraic  summation 243,  253,  266,  314, 

329,  347,  348,  354 
Allowable  loads 

on  floora 374,  375,  377,  496,  498 

loofs 365,  367,  368,  373,  602 

Allowable  pressures 

on  foundations 481,  603 

masonry 482,  604 

piles 482,  604 

Allowable  stresses....  362,  424,  437,  482,  497, 
604 

in  cast  iron 604 

concrete 497 

masonry 482,  604 

rivets 442,  604 

timber 496,  606 

steel 435,  442,  604 

Allowable  tension  in  rivets 605 

Alternate  stress 605 

Amount  of  lighting  required 504,  608 

ventilation  required 526,  608 

Anchor  bolts 83,  612,  620 

Anchorage  of  columns 83,  612 

Angle  section 430 

Angle  of  skylights 507 

Angles,  Connection 433,  440,  617 

fastened  by  one  leg 436,  605 

Gage  distance  of 438,  611 

in  tension 435,  605 

Size  of 430,  606 

Annealing 618 

Anti-condensation  lining  .  .362,  418,  459,  461, 
462,  466,  575,  608 

Applying  paint 540,  619,  620 

Approval  of  plans 602 

Approximate  estimates 588 

Arch,  Floor 499 

Deformation  of  two-hinged. .  .270,  312,  318 
Design  of  two-hinged 323 
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Arch,  Erection  of  three-hinged . .  ^ . . .  •  •  •  579 

Horizontal  tie  for -266,  395,  426 

Influence  diagram  for  two-hmged ^06 

Portal  as  a  three-hinged •  •  •  ol 

Roof       393,428 

Stres^s'in  three-hinged 109,  174,  176 

Stresses  in  two-hinged. .  .266,  311,  313,  348 

Area,  Center  of  gravity  of •  •  •  ™ 

Moment  of  inertia  of ••  •  ■  •  •  l^i  ™ 

moments 212,  215,  229,  279,  338,  344 

Areas  of  corrugated  sheets .44«,  bUJ 

Net .T. 442,  443,  60o 

of  steel  sash. 521,  609 

of  ventilatora . ^26,  608 

Armory,  Cost  of  erection  of ^US 

Erection  of •  •  •  •  •  •  •  •  2lo 

Asbestos  felt 418,  459,  461,  462,  608 

protected  corrugated  steel •  •  •  470 

loofing             4'^»  *'" 

Asphalt  mastic  floore ^^'  !?i'  fSI 

oaint ^2,  596 

^f ::;:;:::: 413,472 

waterproofing ^^ 

Baltimore  truss 1^»  ^^ 

Barrett  specification  floor 494 

specification  roof ^ii 

Bars,  Spacing  of  reinforcing •  •  •  •  499 

Stress  due  to  weight  of 122,  wo 

Base  plate.  Thickness  of ^Af 

Column 404 

Batten  plates ^Ij: 

Bay,  Definition  of •  •  •  •  •  ^79 

Beam,  Bending  moments  in 11»  ^»  .^^ 

clamp 444 

connections 433,  440 

Deflection  of..  212,  217,  219,  237,  246,  337 

Design  of 553,  606 

girdere ••  ^ 

Shear  m W 

Beams ^^^^ 

Continuous 221,  234 

Elastic  curve  of • 217,  219 

Moving  loads  on loo 

Oblique  loading  on *29 

Reactions  of ^ 

Rotation  of V.    52 

Shear  in , ^»  ^^ 

Stresses  in.. 8,  33,  274,  276,  299,  347,  653, 
604 

Work  in ..••  246 

Bearing  plates,  Pressure  on 482,  604 

Bearing  on  cast-iron ^05 

concrete ^^ 

masonry 605 

pins 117,  604 
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Bearing  on  plates 482,  487,  604,  618 

power  of  aoils . .  . . : 481,  603 

on  riveta 442,  605 

rockers 605 

rollers 605 

Bed  plates 618 

Bevel  sheets 417,  449 

Bending  stress 604 

Bent,  Stresses  in  transverse 87,  240,  567 

Benzine 540,  640 

Boileau  roof 386,  391,  510 

Bolts,  Anchor 83,  572,  612,  620 

Field 601,  605,  620 

Hook 444 

Turned 605,  618 

Bonanza  tile 467 

Bond  of  slate 464 

stress 486 

Boom  lines 579 

travelers 679 

Bow's  notation 23 

Bracing  ...  .95,  380,  382,  405,  551,  572,  601, 
612 

buildings 95,  572,  601,  612 

Weight  of 366 

Brick  arch  floor 499 

Estimate  of 591 

floors 492 

Walls 475,  479,  575 

Bridge,  Loads  on 43,  69 

Stresses  in 43,  69 

Camber  in 354,  357 

Bridge  trusses,  Stresses  in ... .  23,  25,  43,  69, 
178  to  211,  301,  359 

Buckeye  flooring 501 

Buckle  plates 498 

Building,  Dimensions  of 601 

Building  frame.  Stresses  in 374 

Building  laws 374 

Buildings,  Design  of  Steel  Mill 361 

Spacing  of 387 

Built  sections 430 

Bulb  angles 429,  430 

Burrs,  Removing 619 

Button  sets 438 

Camber,  Calculation  of 354,  357 

of  plate  girder 559 

truss 388 

Cambered  truss 388 

Camel-back  truss 383 

Camber  in 354,  357 

Stresses  in 49,  52,  65,  66,  67,  184,  200 

Cantilever  beams 33 

purlins 420 

truss 9,  164,  166,  391 

Carey's  roofing 474 

Castigliano's  tneorem  for  work 245 

Cast-iron  rockers 399,  612 

Specifications  for 616 

Stresses  in 604,  612 

Ceiling  load  stresses 28,  160 

Cement  floor,  see  "Concrete  floor*' 
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Cement  paint 543 

roofing  tile 466 

stucco 477,  478 

Center  of  gravity 14,  142 

of  motion 131 

Chain,  Cost  of 599 

Channels,  Minimum  thickness  of 606 

Chimneys,  Wind  Load  on 603 

Chord  sections 431,  611 

Upper : 611 

Circle  of  inertia 127,  146 

Circular  ventilator  . .  .461,  527,  528,  598,  608 
Classification  of  roofs,  Undenvriteis'  lab- 
oratory   472 

Clay  tile  roofing 362,  466 

Clearance  for  riveting 438 

Clerestory 379,  421,  423 

Definition  of 379 

f^lATraooQ  434 

Clinch  nails'.  V.' .' ." .' .' ."  .417,"  449^  450,'  '452,  607 

Clips 450,  607 

Closing  rivets 450,  452,  608 

Coal  tar  paint 464,  476,  542 

Coefficient  of  friction 606 

Coefficients,  Method  of  .43  to  46,  188  to  192 

Column  bases 404,  571,  612 

connections 396 

Design  of 671 

footings 482,  485 

formula 600,  607 

sections 430  to  433 

Columns 399  to  404,  420,  604,  611 

Allowable  stresses  in 604 

Anchorage  of 83,  612 

Fixed 91 

Moment  in 92,  102,  106,  671 

Shear  in 92,  102,  106.  571 

Cost  of 594 

Types  of 400,  431,  432,  433 

Weight  of 366 

Combined  stress 117,  118,  122,  605 

Compression  members. .  .  .429,  547,  670,  605, 
611 

Design  of 547,  570,  605 

Maximum  length 605 

Compression  splice 620 

Compressive  stress 604 

Concentrated  loads 32,  34,  36,  38,  41, 

373,  374,  375 

Concrete,  Estimate  of 691 

floors 412.  423,  489,  490,  495,  497 

floors,  Cost  of 597 

roof  sheathing 477 

slabs 498,  609,  610 

stresses  in 497 

walls .  .  476,  479 

Concurrent  forces 3,  6,  134 

Condensation  on  glass 608,  511.  609 

gutters 608.  609 

Conductors 455,  467,  608 

Connection  angles 433,  440,  617 

plates 650,  606,  611 

Connections  of  columns 396 
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Connections  of  truss 396 

Continuous  beams. . .  .221,  234,  275,  337,  344 

girders 234,  236,  238,  275,  339,  344 

portals 84,  573 

trusses 276,  277,  278 

Contraflexure  in  columns.  Point  of .  ...  93,  240 

Conventional  signs  for  rivets 437 

Cooper's  system  of  wheel  loads .  .  .69,  75,  210, 
344 

Copper  rivets 450,  451,  452,  608 

Comer  colunms 415,  574,  611 

finish 452,  453,  455,  460,  '608 

Cornice.... 4 17,  452,  455,  459,  460,  462,  608 

Corrosion  of  iron  or  steel 537 

Corrugated  flooring 500 

glass 505,  506 

sheathing 476 

steel 361,  363,  447,  476,  595,  597,  607 

cost  of 595,  597 

estimates 590 

fastenings 417,  449,  607 

floor 499 

lining 418,  608 

plans 416,  417,  575 

roofing 363,  378,  463,  575,  607 

walls 475 

Weight  of 367,  448,  602 

Wire  rfass 362,  509,  609 

Cost,  Estimate  of 585 

Cost  of  asphalt  mastic  floor 491 

chain 599 

circular  ventilators 598 

drafting 591 

erection  of  armory 595 

erection  of  corrugated  steel 595,  597 

erection  of  mill  buildings 594,  699 

fabrication 591 

hardware 599 

machinist  supplies 599 

mill  buildings 594,  599 

mill  details 592 

nails 599 

painting 596 

p^lacing  and  bolting 594 

riveting 594 

rolling  shutters 598 

Shop,  see  shop  cost 

shop  labor 592 

skylights 598 

steel 591 

tar  and  gravel  roofing 698 

tile  roof 466 

tin  roofs 598 

waterproofing 598 

windows 598 

Cotter  pins 445 

Couple 5 

Covering  capacity  of  paint 540,  596 

Crane  columns 611 

girder 421,  560,  561,  565,  603,  613 

expansion  of 613 

Live  load  on 378,  603 

Stresses  in 561 
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Crane  girder  truss 420 

Crane  loads,  Stresses  due  to 106 

posts 611 

truss 398,  420 

Cranes,  Weight  of 375,  376,  378,  602 

Creosoted  timber  floors 494,  597,  600 

Crimped  angles 438,  606,  611 

Culmann's  method  for  calculating  moment 

of  inertia 14,  144 

Curtain  walls 361,  478 

Curved  influence  diagram  . .  56,  234,  253,  277, 
339,  344 

Data  for  design  of  framework 429 

Dead  loads 27,  365,  545,  667,  602 

Dead  load  stresses,  see  "Stresses" 

Dead  man 579 

Deck  beam 429,  430 

Deck  Baltimore  truss 194 

Definitions  of  building  terms 379 

Deflection  angles 297,  307 

of  beams 212,  217,  219,  237,  246,  337 

frame 280 

framed  structure 243 

Deflection  influence  diagram  ....  56,  234,  237, 
239,  253,  277,  278,  339,  344 

Deflection,  Slope 297 

Deformation  of  truss 259,  354,  357 

two-hinged  arch 270,  314,  349 

diagram,  Williot. .  .247,  253,  260,  318,  321, 
349,  357 

Deformations,  Method  of  equal 266 

Depth  of  beams 606 

Derricks 577,  579 

Design  of  beams 553,  606 

bracing 572,  601,  611 

columns 571,  604,  611 

compression  members. .  .547,  570,  604,  605, 
611 

conductors 452,  456,  459,  608 

crane  girders 378,  561,  603,  606,  613 

girts 405,  546,  570,  603,  612 

gutters 456,  608 

lacing  bars 437,  612 

plate  girders 554,  606 

purlins 405,  546,  570,  603,  612 

riveted  joints  .436,  549,  556,  571,  611,  612 

roof  truss 545,  601 

skylights 385,  387,  391,  503,  504,  608 

steel  mill  buildings 361,  567,  601 

stiffeners 557,  606,  611 

tension  members. .  .433,  671,  604,  605,  612 

two-hinged  arch 323 

windows 603,  504,  608 

Detail  drawings 601,  602 

Details  of  columns. .  .400,  401,  402,  403,  404, 
575 

corrugated  steel 417,  418,  447,  450,  452 

to  462 

beam  girders 668,  669 

plate  girders 560,  566 

purlins 406 

roof  framing 407 
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Details,  skylights 511,  525,  526 

steel  sash 522  to  525 

trusses 3H  397,  398,  551,  575 

windows 511,  514 

Diagonal  tension  in  concrete 486 

Diffusion  of  light 506 

Dimensions  of  timber 616 

Dimensions  of  steel  sash 521 

Doors 529,  575,  590,  609 

Estimates  for 590 

Paneled 529 

RoUing; 536 

Sandwich 529 

Steel 529 

Double  glazing 475,  511 

Double  portal 85,  573 

Downspouts 412,  455,  456,  468,  608 

Drafting,  Cost  of 591 

Drawings,  Detail 601,  602 

Drier  for  paint 538 

Drift  pins 582,  620 

Drifting  not  allowed 617 

Driving  rivets 582,  620 

Duchemin's  formula 371,  545,  563,  603 

Dusty  concrete  floors 491 

Eave  strut 433,  572,  574,  594 

troughs 452,  455,  456,  459,  608 

Eccentric  riveted  connection 130 

stresses,  Calculation  of 117,  121 

stresses 605 

Economic  depth  of  plate  girder 559 

spacing  of  trusses .  . .  .' 388 

Edge  distance  of  rivets 437,  443,  611 

Elastic  curve  of  beams. . .  .217,  234,  277,  339, 
344 

supports 226,  337 

weights.  Method  of 230,  254,  259,  357 

Elastigum  for  flashing  roofs 472 

Ellipse  of  inertia 127,  146 

End  framing 95,  572 

End-post,  Stresses  in 118 

End  shears 71 

walls 574 

Engineering  Laboratory  Building 479 

Engineering  News  pile  formula 482,  604 

Equal  work,  Method  of 266,  270 

Equilibrium  of  forces 4,  138 

Equilibrium  polygon 6,  10,  13,  33,  34, 

35,    134,   136,    138,   140,   142,   144,  215, 
339,  344 
Equilibrium  polygon,  through 

three  points 12 

two  points 12 

Equivalent  areas  of  glass 506 

uniform  load 69,  70 

Erection,  Cost  of 594,  595 

plans 577 

of  armory 579,  595 

roof  trusses 577 

steel  mill  building 577,  620 

tools 583,  620 

Estimating  corrugated  steel 590,  602 
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Estimate  of  cost 585,  509 

Weight 685 

Expanded  metal  and  plaster 476 

Expansion  of  steel  buildings 424,  613 

Extras,  Mill 591.  592 

Eye-bara 433,  612,  618 

Stress  due  to  weight  of 122,  605 

Factory,  Floor  loads  for 374,  375 

Fall  lines 579 

Falls 579 

Falsework  removed 620 

Fastening  corrugated  steel 417,  449,  607 

Fenestra  steel  doors 529,  675 

steel  sash 521,  675 

Ferroindave  flooring 600 

roofing 473 

Field-bolting 404,  406.  601,  620 

Field  bolts 601,  605,  618,  620 

connections.  ..404,  406,  601,  605,  618,  620 

paintmg 420.  541,  620 

rivete 404,  437,  601,  605,  618,  620 

Fink  truss 382,  388,  397 

Stresses  in 27,  29,  148,  154,  156,  158, 

164,  545 

Fixed  beam,  Deflection  of 219 

Stresses  in 299 

portal  columns 289 

Flange  splice 667 

Width  of 606 

Flange  area  of  girder 655,  606 

Flanges  of  beams 554,  606 

Flanges  in  crane  girder 378,  663,  603 

Flashing 451,  452,  453,  454,  459,  608 

for  cement  tile  roofs 467 

stack 453,  459,  462,  468,  608 

tar  and  gravel  roof 472 

Fleming's  wind  loads 370,  373 

Flexure,  Stress  due  to 115,  117,  120,  122, 

124,  129,  553,  605 

Floor  loads 373,  374,  375 

Floorbeam  reaction 63,  71 

Flooring 492,  493,  610,  617 

Specifications  for 617 

Floors 489.  490,  491,  492,  496,  499,  597 

Above  ground 496 

Asphalt  mastic 489,  491,  697 

Bnck 492,  499 

Buckeye 501 

Concrete 490,  497,  610 

Corrugated 499,  600 

Cost  of 491,  597 

Creosoted  wood  block 494 

Ferroindave 500 

Multiplex  steel 601 

Reinforced  concrete 497 

Shop. .  .  .362,  420,  423,  425,  489,  495.  600 

Steel  plate 501 

Timber 492,  494,  496,  617 

TVpesof 489 

Wood  block 494 

Footings.  Column 485,  486,  603,  604 

Reinforced  concrete 485,  486,  603,  604 
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FootiDgB,  WaU 486 

Forces,  Concurrent 1,  5 

Moment  of  inertia  of 14 

Non-concurrent 1,  5 

Force  polygon.. 5  to  15,  33,  134  to  144,  215, 
339,  344 

trian^e 4 

Formula  for  weight  of  truss 365,  602 

wind  pressure 371,  603 

Foundations 423,  425,  478  '481 

Loads  on 481,  675,  603 

Frame,  Stresses  in  head 326 

Stresses  in  office  building 350 

Framed  bent.  Stresses  in 360 

Framed  structures,  Rotation  of 249,  261 

Stresses  in 133,  266 

Frames,  Stresses  in  stiff . .  .274,  279,  292,  294, 

296 
Framework 379,  380,  412  to  428 

Stresses  in 22,  133 

Gable  cornice 452  to  462 

Gage  of  corrugated  steel  .  .363,  418,  447,  448, 
607 

rivets 438,  611 

U.  a.  standard 447,  448 

of  slate 464 

GaJvanized  corrugated  steel 447,  464 

Gas  pipe,  Cost  of 599 

Gin  pole 679 

Girder,  Continuous  .  .234,  235,  236,  275,  276, 
339,  344 

Girders,  Examples  of 669,  561 

Plate,  see  plate  girder 

Girts 366,  370,  379,  405,  406,  570,  607 

bolted 601,  620 

loads  on 607 

Spacing 453,  607 

Weight  of 366 

Glass 362,  504,  609 

Corrugated 506,  509 

Kinds  of 508 

Maze 504 

Plane 604,  611,  609 

Plate 505 

Prism 606 

Ribbed 505 

Wire 605,  609 

Relative  value  of 508 

Placing 475,  608,  609 

Heat  transmissions  of 475,  511 

Sizes  of 479,  610,  521 

TUe 508 

Types  of 504 

Weight  of 378 

Glazing 413,  420,  423,  604,  521,  609 

Amount  required 604,  608 

Double 511 

steel  sash 621,  609 

skylights 508 

wood  sash 511 

^    Graphic  calculation  of  deflection  of  beam.  213 

elastic  curve 219 
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Graphic  calculation  of  reactions  of  3-hinged 

arch 110,  113 

transverse  bent 96,  102,  567 

deformation  diagram 248,  263,  260, 

318   321    339 
moments.!...  10,  19,  26,  49,  162,  202,  260 

in  roof  truss 162 

Warren  truss 202 

resolution 19,  22,  48,  268,  315,  319, 

320,  322,  326,  329,  333,  349,  645,   667 
stresses  in  bridge  by  .  . .  22,  180,  184,  186 

in  portal 80,  82,  170,  172 

Pratt  truss 182 

roof  truss 19,  148  to  160,  546 

transverse  bent 97  to  107,  667 

trestle  bent 168 

3-hinged  arch. 174,  176 

Warren  truss 204 

Graphic  rotation  of  structures 249 

Graphic  statics 3 

Granite  roofing 474 

Grey  colunm 43 

Grillage 483 

Grip  of  pins 445 

Gunite 643 

Gusset  plates 650,  606 

Gutters  . .  .452,  454,  465,  456,  459,  467,  468, 
470,  608 

Condensation 508,  609 

tile  roofs 467,  468 

Guy  derrick 679 

Gypsum  roofing 463,  468,  470,  479,  610 

Hinges 529,  632,  633 

H-column 429,  430 

Head  frame,  Stresses  in 325,  359 

Heating  industrial  buildings 362,  424 

with  double  glazing 476,  511 

Heat  transmission  of  side  walls 475 

windows 475,  611 

Height  of  windows 503,  504,  608 

Hook  bolts 444 

Horizontal  tie  for  arch 266,  396,  426 

Stresses  in.  .253,  268,  314,  316,  321,  349 
Howe  truss 380 

Stresses  in 180,  197 

Hutton's  formula  for  wind  pressure 371 

Illumination 503,  604,  609 

Impact 71,  72,  661,  604 

stresses 71,  72 

Inclined  chord  bridge 49,  52,  65,  66,  67, 

68,  76.  200,  204 

Industrial  ouildmgs 411 

Lighting 603,  604,  609 

Inertia  circle 127,  140 

ellipse 127,  146 

product 127,  146 

Influence  diagrams 53,  233,  339,  344 

for  fixed  beam 239 

Influence  diagram  for  deflection  .  .66,  63,  233, 
339,  344 
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Influence  diagram  for  floorbeam  reaction 

63,234,237,253,277,  278,  339,  344 

shear 54,  58,  61 

stress. 58,  269,  315,  320,  327,  332,  349 

two-hinged  arch 253 

Influence  lines.  Curved 215,  233 

Initial  sti^ss 373,  405,  606,  612 

Inspection 616,  619 

Insulation  of  sheet  steel 420 

Iron  oxide  paint 596 

Joints,  Design  of 549 

Finish  of : 618 

Stresses  due  to  rigid 279,  297,  301,  305, 

309 
Truss 396 

Ketchum's  saw  tooth  roof  .384,  385,  412,  479 

solution  for  stresses  in  transverse  bent .  89 

specifications  for  wind  loads 370 

specifications  for  steel  frame  buildings . .  601 

Kinds  of  glass 507 

of  stress 25,  72 

Kinnear  rolling  doors 536 

K-truss,  Stresses  in 206 

Lacing  bars 437,  439,  441,  612,  617 

Lag  screws 444 

Laminated  timber  floor 362,  496 

sheathing ' 384,  463 

Lampblack 536 

Lap  of  corrugated  steel 417,  449,  457 

Lateral  bracing 405,  557,  572,  612 

pins 445 

Laying  concrete  floors 490 

corrugated  steel . .  .418,  449,  459,  461,  475, 
595,  597,  607 

flooring 492,  493,  610 

ctlota  464 

tar  and  gravel'  roof .' .' .' .' .' . .' . . .  47i,  472,  609 

tile  roof 466 

tin  roof 469 

Lead,  Red 539,  540,  541 

White 539 

Least  work 247,  266 

Length  of  corrugated  steel  sheets 449 

compression  members 605 

span 601 

tension  members 605 

Light,  Diffusion  of 506 

required 362,  503,  507,  608 

Lighting,  Amoimt  of 413,  420,  423,  575, 

506,  608 

industrial  buildings 503,  504 

Methods  of 385 

Lining,  Anti-condensation. 362,  418,  459,  461, 
462,  466,  575,  608 

Linseed  oil 538 

Live  loads,  see  Loads,  Live 

Live  load  stresses 37,  43,  69,  74,  188, 

190,   192,   194,   196,   198,   200,  202,  204, 
206,  210,  339,  344,  562 

Loads 27,  43,  365,  375,  376,  561,  602 
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Loads,  Dead 34,  36,  69,  365,  561,  602 

Equivalent  uniform 69 

Live.  .  .37,  43,  69,  373,  374,  375,  661,  603 

Snow 29,  367,  374,  602 

Wind 368,  370,  374,  603 

on  beams 37,  38,  41 

bridges 43,  69 

corrugated  steel 451,  602 

crane  girder 106,  375,  376,  561,  603 

floors 373,  374,  496,  497 

foundations 481,  603 

girts 453,  607 

masonry .482,  604 

piles 482,  604 

reinforced  concrete  floors 498 

timber  floors 497 

roof 96,  378,  453,  461,  603 

steel  miU  building 96,  567 

Lomas  nuts 445 

Long  rivets 611 

Ixx>p-bar 434 

Louvres 379,  457,  468,  527,  598,  608 

Ludowici  tUe  roof 388,  466 

Lug  angles 436,  605 

Lumber,  Estimate  of 590 

Lupton  steel  doors 529 

sash 524,  526 

Luxfer  prisms 506 

Machine  shop 420,  587 

Machinist's  supplies 599 

Manila  rope.  Cost  of 599 

Masonry  filled  walls 475,  478 

Pressure  on 482,  604 

Stresses  in 482,  604 

walls 476,  478 

Material,  Minimum  thickness  of 363,  606 

Materials,  Weight  of 377 

Maximum  diameter  of  rivets 437,  611 

floorbeam  reaction 63 

length  of  members 606 

moments 37,  38,  59,  71,  74,  238 

size  of  rivet 443,  611 

shear  in  truss 45,  47,  49,  51,  61,  73 

stresses  in  transverse  bent 95,  102,  568 

Maxwdl's  theorem 57,  359 

Maze  glass 505 

Methods  of  lighting 385,  387 

Mine  buildings 603 

MiU  buildings,  Design  of 361,  567 

Painting 464 

Types  of 475 

MiU  detaUs,  Cost  of 592 

MiU  extras 592 

Mfll  orders 692,  619 

Minimum  depth  of  beams 606 

of  piles 482,  604 

gage  of  corrugated  steel 3d3,  607 

loads  on  roofs 378,  603 

pitch  of  rivets 436,  438,  443,  611 

sections 363,  407,  606 

stagger  for  rivets 436,  438,  611 

thickness  of  base  plates 612 
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Minimum  thickneeSi  of  plates 363,  606 

of  sheathing 462 

Modified  saw  tooth  roof .  .  .384^  385,  411,  479 
Mohr's  method  for  moment  of  mertia  .  15,  144 

rotation  diagram 249,  321 

Moment  areas,  see  Area  moments 

on  beam 11,  59 

columns 92,  102,  106,  604 

crane  girder 561 

diagrams 33,  344 

Moment  of  mertia 14,  15,  124,  125,  144, 

553   555 
influence  diagram... 55,  60  to  68,  239,  339, 
344 

Moments  of  forces 19 

Graphic 10,  19,  26,  49 

in  pms 116 

Theorem  of  three 226 

Moment  table 75,  76,  339 

Monitor  louvre  ventilator 527 

skylights 385,  417,  468,  509 

ventilator 379 

Multiplex  steel  floor 501 

Muntans 512  to  519 

Nails 449,  450,  452,  464 

Cost  of 599 

for  slate  roof 464 

Net  area  of  tension  member .  . .  .436,  4^,  603 

section 436,  605 

Nitro,  Machine  shop  at 420,  599 

Non-concurrent  forces 1,  5,  136 

Notation,  Bow's 23 

Nuts,  Lomas 445 

Pilot 618 

Sleeve 435 

Oblique  loading,  Stress  due 129,  407,  605 

Office  buildings,  Floor  loads  for 374,  375 

Office  building  frame,  Stresses  in 350 

Ogee  washers 444 

Oil  paints 538 

Open-hearth  steel 613 

Overweight  of  plates 615 

sections 615 

Paint 363,  537,  619 

Amount  of 596 

Applying 540,  600 

Asphalt 542 

Coal  tar 476,  542 

Covering  capacity  of 541,  596 

Priming  coat  of 541,  600 

Mixing 540 

Oil 538 

Portland  cement 543 

Proportions  of 540,  596 

Shop  coat  of 541,  600 

for  steel  building 420 

Painting; 537 

Cleanmg  surface  for 541 

corrugated  steel 447,  464 

Cost  of 596 
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Painting,  inside  buildings 479,  609 

Field 620 

Shop 616 

tin  roofs 469 

Panel,  Definition  of 379 

Paneled  doors 529 

Partitions,  Expanded  metal  and  plaster  . .  479 

Pyrobar  gypsum  roof 468,  470 

Petit  truss,  Stresses  in 184,  200,  208 

Phosphorus  in  steel 613 

Pier,  Pressure  of 484 

Pier  shed 418 

Pipnent 538,  539 

Amount  of 540,  596 

Carbon 539 

Graphite 540 

Iron  oxide 539 

Red  lead 539 

White  lead 539 

Zinc 539 

Pile  driving  formula 482,  604 

Piles,  Bearmp  power  of 482,  604 

in  foundations 423 

minimum  depth  of 482,  604 

Specifications  for 483,  617 

Pilot  nuts 618 

Pins 445,  612,  618 

Bridge 445,  612,  618 

Cotter 445 

Lateral 445 

Pin-connected  roof  truss 393 

Pin  plates 612 

play 356,  618 

Pins,  Stresses  in 115,  604 

Pitch  of  roof 379,  386 

corrugated  steel 386,  612 

lacing  bars 612 

rivets 436,  443,  556,  611 

roof  truss 379,  386,  420,  422,  425,  466, 

601 

tar  and  gravel  roof 387,  471 

trusses 388 

Placing  glass 508,  609 

Plane  glass 504 

Planing  bed  plate 618 

edges 619 

glool  617 

Plank  floor.' .' .'    ." .'  .* .' ." .' '/.'.'.      '. '.  !362,'  492',  610 

Plans,  Approval  of 602 

Plaster  ceiling 376 

Weight  of 367 

Plaster  and  expanded  metal 475,  477 

Plates,  Batten 611 

Bearing 482,  487 

Buckle 498 

Connection 550,  606 

Floor 501 

Gusset,  see  Connection  plates 

Plate  girders.  Camber  of 559 

Design  of 554,  561,  606 

Economical  depth  of 659 

Examples  of 661 

Flange  splice  of 557 
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Plate  girders,  Shop  cost  of 594 

Stififeners  for 657,  566,  606 

Web  splice  of 557 

Plate  glass 505 

Plates,  Minimum  thickness  of 363,  606 

Overweight  of 615 

Point  of  maximum  moment  in  a  beam  .37,  38, 
41 

Pole  distance 11,  15,  16,  26,  34,  35 

Polygon,  Equilibrium 6,  12,  13 

PortaL  Stresses  in 77,  85,  170,  573 

Stiff  Frame 287,  290,  300 

Types  of 77 

Portland  cement  paint 543 

Power  houses.  Floors  for 375 

Power  rivets 682 

Pratt  truss 383 

Camber  in 354,  357 

Deflection  of 259 

Stresses  in . .  28,  30,  31,  32,  47,  182,  190, 
210 

Prepared  roofings 473 

Pressure  on  foundations 481,  603 

masonry 482,  604 

Principal  axes 126,  146 

Product  of  inertia 125,  146 

Proposals 601 

Purlin,  Definition  of 379 

Purlins 130^  405,  406,  408,  605,  612 

Allowable  stresses  m 605 

Cantilever 420 

Connections  of 450 

Design  of 406,  670,  607 

Details : 406 

Fastening 406,  612 

Loads  on 406,  607 

May  be  bolted 620 

Single  shapes  as 388,  405,  612 

Spacing 453,  461,  601,  607 

Stresses  in 129,  406 

for  tile  roofs 467,  470 

Weight  of 366,  602 

Punchj  Diameter  of 611 

Punchmg  plates 617 

Quadrangular  bridge  truss 301 

Radius  of  ^ration 17,  144,  648 

Rafter,  Definition  of 379 

Railway  bridge,  Camber  in 354,  357 

Loads  on 69 

Stresses  in 69,  210 

shops 389,  393,  394,  423 

Red  lead 539 

Red  lead  paint 596 

Reactions  of  a  beam 8,  33 

cantilever  truss 9 

Reactions  in  three-hinged  areh 109 

transverse  bent 102,  105 

two-hinged  arch 313 

Reaction  influence  diagram 63,  234 

Reaming  holes 617,  619 

Redundant  member  . .  265,  266,  270,  274,  327 
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Reinforcing  bars,  spacing 499 

Reinforced  concrete  floors 497 

footing 486 

piles 483 

slabs 498 

Resolution  of  forces 19,  140 

Algebraic 19,  22,  27,  28,  29,  30,  31, 

32,  43 
Graphic 48 

Resolution  of  shear 51,  148  to  164 

Resultant  of  concurrent  forces 5,  134 

non-concurrent  forces 6,  136 

Ribbed  glass 505 

Ridge  cap,  see  Ridge  roll 

Ridge  roll 452,  458,  608 

Weight  of 458 

Rigid  frames,  Stresses  in  . .  274,  279,  300,  301, 
350 
joints 279,  297,  301,  305,  309 

Riveted  joints,  Design  of 549,  571 

Finish  of 618 

tension  members 435,  611 

trusses 393,  394,  601 

Riveting 583,  618 

Cost  of 694 

Rivets 436,  618 

Allowable  stresses  in 442,  604,  605 

Amount  per  ton 595 

Areas  to  be  deducted 443 

Closing 450,  452 

Conventional  signs  for 437 

Cost  of  driving 694 

Edge  distance  of 437,  611 

Field 683,  601,  605,  618,  620 

Flange 666,  606 

heads 688 

holes 617 

Long 611 

Maximum  diameter  of 437 

Pitch  of 436,  443,  611 

Proportions  of 438 

Standards  of 437 

Stresses  in 649 

Rivet  snap 682,  604 

Rockers 396,  601,  605,  612 

Bearing  on 605 

Cast 612 

Rods,  Minimum  thickness  of 407,  606 

Rollers .".!.'       .'  .*  .'29,'  396^  '427,*  601,  605)  618 

Rolling  shutters.  Cost  of 598 

steel  doors 536 

Roofs 361,  386 

Life  of 466 

Roof  arches 393,  428 

coverings 463 

drainage 466,  606 

loads 96,  374,  461,  603 

Minimum  loads  on 378,  603 

Pitch  of 379.  386,  601 

Saw  tooth 362 

sheathing 463,  468 

Tar  and  gravel 471,  609 
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Roof  truss 380  to  388,  545,  601 

Cost  of 645,  694 

Weight  of 366,  586,  602 

Roof  trusses,  Stresses  in . . .  19,  20,  148  to  166 

Weight  of 365,  586,  602 

Roofing 675 

Asbestos . . ; 473 

Asphalt 472 

Carey's 474 

Ck>mpo6ition 479 

Corrugated  steel 463 

Cost  of 598 

Ferroinclave 473 

Granite 474 

Gypsum  tile 468,  470 

nails 449,  450,  452 

Prepared 473 

Rubberoid 474 

Shingle 473 

Slag 412,  472 

Slate 464 

Sheet  steel 469 

Tar  and  gravel 464,  471,  609 

tile.  Cement 466 

Clay 466 

Tin 469 

Wei^t  of 367,  378,  424,  428 

Rope,  Cost  of , 599 

Rotary  shear 449 

Rotation  diagram 249,  321 

of  structures 249,  261 

Rubber  i^ass,  see  '' Translucent  fabric'' 
Rubberoid  roofing 474 

Safe  loads  of  corrugated  steel 451,  607 

masonry 482,  604 

reinforced  concrete  slabs 497 

sidewalks 375 

soils 481,  603 

timber  floors 498 

Sag  rods 407,  606,  607 

Stresses  in 130,  547,  568 

Sand  blast 543 

Sandwich  doors 529,  609 

Sash,  Steel 614,  519,  609 

Wood 510  to  519,  609 

Sawtooth  roof.. 362,  384,  385,  387,  391,  392, 
393,  411,  412,  413,  424,  479,  507 

Angle  of  glass  of 507 

shop 411,  412,  413,  423 

skylight 509,  516 

Schneider's  specifications  for 

live  loads 375 

loads  on  roofs 378 

snow  loads 368 

thickness  of  walls 478 

wind  loads 370 

Schools,  Window  area  for 503 

Screws,  Lag 444 

Secondary  stresses 305,  308,  309,  312 

Design  to  avoid 312,  360 

Sections,  Property  of 124,  429,  433 

Structural 429  to  433 
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Sleeve  nut 436 

Slope  deflections 297,  350 

Shades,  Window 362,  504,  510,  609 

Shear  in  beams 34,  35,  36,  553 

colunms 92,  102,  106,  437,  671,  612 

crane  girder 562 

End 71 

Shear  increments 52 

Influence  diagram  for 54,  61,  64,  239, 

339,  344 

in  lacmg  bars 441,  612 

in  pins 117 

in  truss 61 

Shear,  Resolution  of 51 

in  rivets 442,  604 

Rotary 449 

Stresses  due  to  i^ear 442,  604 

Sheathing,  Board 604 

Concrete 472,  477 

Definition  of 379 

Roof 412,  420,  423,  463,  468 

Timber  roof 462,  472 

Weight  of 367,  602 

Sheet  steel 448 

roofing 469 

Shingle  roof 473 

Shipping  invoice 619 

Shoe,  Details  of 427 

Shop  cost 592 

of  columns 694 

eave  struts 594 

plate  girders 594 

roof  trusses 694 

structural  steel 591 

Shop  details....  397,  398,  401,  402,  403,  565, 
685,  592 

plans : 619 

Shops,  Design  of 361,  389,  391,  393,  394, 

423 

Shop  floors 362,  420,  423,  425,  489,  495, 

597    600 

Shops,  Heating 362,  475 

Railway 389,  393,  394,  423 

Shop,  Saw  tooth 411,  412,  413,  423 

Shutters 608 

Side  sheds 105,  390 

Side  walks,  Loads  on 375 

Side  walls 575 

Size  of  steel  sash 521 

timber 616 

wood  sash 612 

Skylights 362,  385,  387,  608,  528,  608 

Area  of 413,  420,  423 

Cost  of 698 

Design  of. .  .503,  504,  507,  608,  609,  609 

Estimates  of 590 

Glazing 608 

Saw  tooth 609,  610 

Specifications  for 504,  609,  609 

Steel 525,  526,  609 

in  tile  roof . 466,  467,  468 

Types  of 609 

Slate  roofing 423,  464,  477 


630 


INDEX. 


PAQB 

Slate  roofing,  Weight  of 367,  602 

Slag  roofing 412,  423 

Sliding  door 631 

Snow  Toads  . .  .29,  89,  97,  367,  374,  378,  424, 
428,  545,  667,  602 

Snow,  Wei^t  of 368,  376 

Soils,  Bearing  capacity  of 481,  603 

Spacing  of  girts 453,  601,  607,  608,  612 

lacing  bare .439,  612 

piles 483 

purlins 453,  461,  601,  607,  612 

rivets 443,  611 

trusses 388,  612 

stiff enere 606 

Span,  Length  of 601 

Specifications  for 

bracing 382,  601 

cast  iron 616 

concrete  floor 490,  610 

floora 490,  610 

flooring 493,  610,  617 

lacing  bare 441,  612 

piles 483,  617 

reinforced  floora 497 

sag  rods 407,  607 

skylights 504   608 

steel 613 

steel  frame  buildings 435,  601 

steel  sash 619,  609 

tar  and  gravel  roof 471,  472,  609 

timber 616 

ventilatora 526,  608 

wind  loads 370,  374,  603 

windows 504,  608 

wire  glass 505,  609 

wood  floor 492,  610 

wrought  iron 616 

Spencer's  wind  loads 370 

Spiking  strips 417,  449,  460,  462,  608 

Splice  plates 617 

Web 557,  611 

Splices 557,  612,  617,  620 

Stack  flashing 453,  459,  462,  468,  603 

Wind  load  on 608 

Standards  for  lacing  bare 439,  612 

riveting 430 

Stagger  of  rivets 438,  611 

Stand  pipe.  Wind  load  on 603 

Statically  indeterminate  structures. 219  to  278 

Steel  castings 618 

Cost  of 591 

doora 529,  609 

floor 499,  500 

industrial  buildings 411 

mill  buildings,  Cost  of 599 

Design  of 567 

Erection  of 577 

Stresses  in 97,  567 

Weight  of 367,  587,  597 

machine  shop.  Weight  of 587 

open-hearth 613 

pier  shed 587 

purlins 406,  601 
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Steel  roof  truss,  Design  of 646 

plate  flooring 501 

sash 362,  420,  521,  524,  626,  674,  609 

sections 429 

transformer  building 418,  588 

ventilatora 520,  525,  627 

windows 362;  614,  620,  609 

Stiff  frames 274,  279,  359,  360 

Stiffenera,  Web 567,  666,  606,  611,  617 

Stiff  leg  derrick 679,  683 

StUes,  Window 612  to  619 

Stitch  rivets 436,  611 

Straps 450,  607 

Strength  of  corrugated  steel 461 

Stress,  Alternate 605 

diagram 10,  22,  23,  27.  47,  80,  98, 

104,  107,  111,  148  to  205,  546,  667 

due  to  eccentricity 117,  607 

due  to  weight 117,  606 

Stress  influence  diagram 68,  269,  315,  320, 

327,  332,  349 
Stresses,  Allowable..  .362,  440,  442,  482,  496, 
497    604 

in  rivets 442,  604 

in  Baltimore  truss 194,  196 

in  beam 8,  217  to  226,  663 

in  bracing 95,  573 

in  bridge,  trusses 26,  43,  69,  200 

in  camel-back  truss 49,  62,  200 

in  cantilever  truss 9,  164,  168 

Ceiling  load 28 

Combined 117,  122,  605 

in  continuous  girder 339,  344 

portals 84,  673 

crane  columns 106,  611 

girder 661 

Eccentric 117,  121,  130,  606 

in  end  framing 95,  673 

end-post 118 

eye-bare 122,  604 

Fink  truss 22,  27,  29,  97,  104,  107, 

148  to  164,  645,  667 

in  fixed  beams 209 

head  frame 326 

horizontal  tie 253,  268,  314,  316,  321 

Impact 71,  72,  662,  604 

Kinds  of 25,  72 

in  masonry 482,  604 

Oblique  loading 129,  407,  605 

in  Petit  truss 186,  208 

pins 115 

plate  girdera 664,  604 

?Drtal 77,  170,  287,  300,  673 
ratt  truss 47,  183,  191,  211 

quadrangular  bridge  truss 301 

roof  truss 19,  22,  148  to  164 

Secondary 306,  308,  309 

in  stiff  frames 274,  279,  359,  360 

staticallv  indeterminate  frames . . .  .210  to 
278.  324 

three-hinged  arch 109,  111,  113,  176, 

177,  426 
transverse  bents 87,  106,  172,  667 
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Stresses  in  trestle  bent 168 

two-hinsed  arch 253,  266,  360 

trussed  beam 347 

Warren  truss 23,  43,  44,  47,  60, 

51,  120,  121,  178,  182,  202,  204 

Whipple  truss 198 

Structural  shapes 429 

Structural  steel.  Specifications  for 613 

Weight  paid  for 618 

Structures,  Deflection  of  .  .212,  217,  219,  226, 
234,  236,  239,  240,  354 

Rotation  of 249,  261 

Struts 405 

Angle 430 

Stucco,  Cement 477,  478 

Sub-purlins 379,  466 

Sulfur  in  steel 613 

Swinging  door 532 

Tar  concrete 492,  493 

floor 492,  610 

roofs 464,  471,  598,  609 

Cost  of 598 

Flashing 472 

Life  of 471 

Pitch  of 387,  471,  472 

Weight  of 367,  378 

Tar  paint 464,  476,  542 

Tar-rok  floor 494 

Temperature,  Provision  for 613 

Tension  in  angles 435,  605 

and  cross  bending 122,  605 

members 433,  435,  612 

Desi^  of .548,  571 

Maximum  length 605 

Net  section  of 435,  605 

Tension  in  rivets 605 

splice 620 

Tensile  stress  in  steel 604,  619 

Teme  plate 463 

Terra  cotta  walls 475,  479 

Tests,  Full  size 619 

Test  specimens 614 

Theorem  of  area  moments 215,  228 

Maxwell's 57,  359 

of  three  moments 226 

Theory  of  equal  deformations 266 

work 244 

Three-hinged  arch 81,  110,  174,  176,  428 

Three  moments,  Theorem  of 226 

Thickness  of  lacing  bars 439,  612 

metal 424,  606 

reinforced  concrete  slabs 498 

sheathing 463 

timber  floors 497 

walls 475,  478,  479 

TQe  roofing 466,  468,  470,  607 

Sag  rods  for 407,  607 

Weight  of 361 

Timber,  AUowable  stresses  in 496,  606 

floor 495,  496,  610 

Timber  block  floor 420,  425,  494,  60a 

Cost  of 597,  600 
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Timber  floor.  Laminated 496 

Timber  pUes 482,  617 

§urlins 612 
jpecifications  for .- 616 

Weight  of 367,  602 

Tin  roof 469,  598 

Weightof 367 

Tools,  Erection 582 

Track  for  doors .  .532,  633 

Translucent  fabric 423,  509,  610 

Transmission  of  heat 511 

Transverse  bent 87,  105,  172,  240,   359, 

379,  380  to  394,  567 
Stresses  in,  see  "Stresses" 

Traveler 579 

Trestle  bent.  Stresses  in 168 

Trussed  beam.  Stresses  in 347 

Truss,  Stresses  in,  see  Stresses 

Camber  in  bridge 354,  367 

connections 396 

Definition  of 379 

Deflection  of 243,  248,  259,  354,  357 

Details  of 394,  397,  398,  561 

Pitch  of 388 

Rotation  of 249,  261 

Secondary  stresses  in 309,  360 

Spacing  of 388,  601 

Weight  of 365,  586,  602 

Tubular  steel  doors 529,  675 

Tumbuckles 435 

Turpentine 540,  620 

Two-hinged  arch 253,  266,  270,  313,  323, 

348   393 

Types  of  columns 400,  431,  432,  433,  611 

doors 529,  632 

floors 489 

glass 604 

mill  buildings 475 

portals 77 

skylights 509 

steel  windows 521 

transverse  bents 389 

trusses 382,  385 

walls 475 

Underwriters  laboratories  classification  of 

roofs 472 

Uniform  loads 34,  35,  36 

Equivalent 69,  70 

Moving 37 

United  Steel  sash 524,  525 

Upper  chords 548,  611 

Upset  rods 407,  607,  611 

Upsets,  Standard 434 

Valley  gutters 456,  459,  468 

Ventilation,  Amount  cf 526,  608 

Method  of 385,  386 

Ventilators 461,  526,  527,  608 

Circular 461,  527,  528 

Louvre 527 

Monitor 379,  468 

Truss  with 104 
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Ventilators  in  steel  saah  . .  .520,  521,  525,  526 

Walls 361,  412,  475,  478 

Curtain .361,  475,  475 

footings 488 

Masonry 475,  478 

Pressure  of 483 

Side 475 

Warehouse,  Floor  loads  in 375 

Steel  frame 381 

Warren  truss 398 

Deflections  of 254 

Stresses  in,  see  "Stresses" 

Washers,  Cast 444 

Cup • 444 

Ogse 444 

Skewback 444 

Waterproofing,  Cost  of 598 

Weave  shed,  see  "Saw  tooth  roof" 

Web  plates 554,  563,  606,  617 

sphce 557 

stiffeners 557,  566,  606,  611,  617 

Weight  of  arches 428 

bracing 366 

ceiling 376 

plastered  ceiling 367 

columns 366 

conductors 456 

corrugated  roofing 378 

corrugated  steel 367,  448,  602 

cranes 375,  376,  378 

Estimate  of 585 

girts 366 

gutters 456 

louvres 457 

materials 376,  377,  378 

paid  for 618 

of  purUns 366,  602 

ridge  roU 458 

rivet  heads 588 

roof 424,  428 

roof  covering 367 

trusses 365,  366,  602 

skylights 367 

slate .367,  378,  465,  602 

sheathing 367,  602 

g^^j g24 

steel  buiidingsV . .' .' . '.    .    .......  367,  587 

tar  and  gravel  roof 367,  378 

tiles 367,  378 

timber 367 

tin 469 

trusses 388,  602 

Wei^t,  Stress  due  to 120,  122,  605 
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Welds  in  steel 618 

Whipple  truss.  Stresses  in 198 

Wheel  loads 69,  71,  74,  210,  344 

load  diagram 71,  344 

White  lead. 539 

White  lead  paint 696 

Wilcox  hangers 529,  532,  533 

Williot  deformation  diagram  . .  .247,  253,  260, 

318,  321,  349,  357 

Wind  loads 29,  368,  370,  374,  424,  428, 

545;  567,  603 

on  chimneys 603 

girts 603 

purlins 603 

sides 603 

standpipes 603 

Wind  load  stresses,  see  "Stresses" 

pressure 369,  371,  374,  603 

suction , 369 

Windows 362,  503,  575,  608 

Window  area.  ..413,  420,  423,  503,  504,  575, 

608 

Cost  of 598 

Design  of 521,  608 

Estimates  of 590 

Windows,  Heat  transmission  of 475 

Height  of 503,  504,  608 

Window  muntin 512  to  619 

shades 362,  504,  510,  609 

stiles 512  to  619 

steel 514,  609 

Specifications  for 504,  521,  608 

Wire^aas 362,  605,  609 

Corrugated 509 

joggflig  4^7   4^ 

Wire  netting. .'.".'.".'. '.'.418,  469,  461,  462^  608 

Wire  rope,  Cost  of 599 

Wooden  doors 629 

Wood  sash 511,  609 

Wood  block  floors 393,  420,  494,  600 

Wooden  floors .  .393,  420,  489,  492,  494,  496, 
496,  600,  610 

Cost  of 697,  600 

Work  equations  .246,  271,  273,  328,  332,  334 

Work  Least     ....  247 

WorkI  Method 'of. '.'.'.244^  "270,*  2r4,  *277,'  278, 
327 

Method  of  equal 266 

Theory  of 245,  246 

Workmanship  of  steel  structures 617 

Wrought  iron,  Specifications  for 616 

Z-bar 429,  430 

Zinc  paint 639 
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